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Susan M. Haig et al. 


NEWS OF THE WEEK 
220 Aroundup of the week’s top stories 


NEWS & ANALYSIS 

223 Tampered Data Cast Shadow 
on Drug Trial 

224 — Latest Skirmish Over Ancestral Violence 
Strikes Blow for Peace 
>> Report p. 270 

225 Spain's Research Council Approaches 
Bankruptcy 

226 — Ever-Bigger Viruses Shake Tree of Life 
>> Report p. 281 

227 Germany Debates How to 
Strengthen Universities 

229 Mars Rover Plans Roll While Asteroid 
Acrimony Continues 


NEWS FOCUS 


230 | BIOGEOGRAPHY 
Battle for the Americas 
Salvage Paleontology on the Seaway 
>> Science Podcast 


234 | The Amazon in 4D 


LETTERS 


236 Turkey Must End Violent Response 
to Protests 
E. Altindis et al. 


Optimizing Peer Review of Software Code 
P. Sliz and A. Morin 


Response 
L. N. Joppa et al. 
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Enhanced transmission electron microscopy image 

of a “Pandoravirus” particle (length: 1.2 micrometers). 
Despite obeying all criteria to discriminate viruses from 
cells (no ribosome, no adenosine triphosphate production, 
no division), these Acanthamoeba viruses, unrelated 

to previously recognized virus families, exhibit genomes 
of up to 2.5 megabases, encoding more genes than some 
microsporidia. See pages 226 and 281. 


BOOKS ET AL. 


238 Toms River 
D. Fagin, reviewed by J. Tuomisto 


239 The Cost Disease 
W. J. Baumol, reviewed by A. Chandra 


EDUCATION FORUM 


240 Crowdsourcing and Curating 
Online Education Resources 
D. Porcello and S. Hsi 


PERSPECTIVES 


242 Trans-HSF1 Express 
V. Gandin and I, Topisirovic 
>> Research Article p. 250 
243 Droplets Out of Equilibrium 
T. M. Hermans et al. 
>> Report p. 253 
244 100 Years of Atomic Theory 
D.C. Clary 
245 Enhancing Pluripotency and Lineage 
Specification 
W. Xie and B. Ren 
247 Multiscale Design and Integration 
of Sustainable Building Functions 
M. P. Gutierrez and L, P. Lee 
>> Science Podcast 


REVIEW 


249 Applications of Acceptorless 
Dehydrogenation and Related 
Transformations in Chemical Synthesis 
C. Gunanathan and D. Milstein 
Review Summary; for full text; 
Attp://dx.doi.org/10.1126/science.1229712 


RESEARCH ARTICLE 


250 Tight Coordination of Protein Translation 
and HSF1 Activation Supports the Anabolic 
Malignant State 
S. Santagata et al. 

Chemical and genetic screening links 
ribosome activity levels and a transcriptional 
regulator in malignant cells. 

Research Article Summary; for full text: 
http://dx.doi.org/10.1126/science. 1238303 


>> Perspective p. 242 
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>> Science Podcast 
Listen to stories on interdisciplinary buildings, 
measuring the martian atmosphere, an 

isthmus miracle, and more. 


>> Find More Online 
Check out Science Express, our podcast, 

videos, daily news, our research journals, and 
Science Careers at www.sciencemag.org. 
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BD Horizon” Brilliant Violet™ Polymer Conjugates 
Bright dyes help resolve rare and dim cell populations 


For more discerning research. 


Now you can resolve rare or dim cell populations 
with BD Horizon™ Brilliant Violet™ polymer 
conjugates from BD Biosciences. 


Developed from pioneering polymer dye 
technology acquired from Sirigen Ltd., 

BD Horizon Brilliant Violet dyes are brighter 
than conventional dyes. Improved brightness 
enables you to identify cell populations 

with lower receptor density than was 
previously possible, resolving cell populations 
previously obscured. 


For Research Use Only. Not for use in diagnostic or therapeutic procedures. 
BD, BD Logo and all other trademarks are property of Becton, Dickinson and Company. © 2013 BD 
23-14921-00 


° 


Helping all people 
live healthy lives 


The complete portfolio of BD conjugated 
antibodies can be used to explore cellular 
features and characterize cells through surface, 
intracellular, or secreted markers. To ensure you 
can use BD reagents across your entire multicolor 
panel, our portfolio contains a broad selection of 
fluorochrome-conjugated antibodies. 


Request a free sample, or find out how you 

can use BD Horizon Brilliant Violet polymer 
conjugates with our expanded set of tools and 
information at bdbiosciences.com/go/brilliant. 


BD Biosciences 
2350 Qume Drive 
San Jose, CA 95131 
bdbiosciences.com 
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Bright Hot Impacts by Erupted Fragments 
Falling Back on the Sun: A Template 

for Stellar Accretion 

F Reale et al. 

Analysis of plasma downflows after a solar 
eruption suggests that these events can be 
used to understand stellar accretion. 


Switchable Static and Dynamic 
Self-Assembly of Magnetic Droplets 

on Superhydrophobic Surfaces 

J. V1. Timonen et al. 

Magnetic droplets oscillate between 
static and dynamic self-assembly patterns 
in a magnetic field. 

>> Perspective p. 243 


Ultrahigh Magnetoresistance 

at Room Temperature in Molecular Wires 
R.N. Mahato et al. 

The conduction of molecular wires embedded 
in a zeolite host crystal is almost entirely 
blocked in small magnetic fields. 


Isotope Ratios of H, C, and O in CO, 
and H,O of the Martian Atmosphere 
CR. Webster et al. 

>> Science Podcast 


Abundance and Isotopic Composition 

of Gases in the Martian Atmosphere 

from the Curiosity Rover 

P. R. Mahaffy et al. 

Data from the Curiosity rover provide a 
detailed account of the chemical and isotopic 
composition of Mars’ atmosphere. 


Ice-Shelf Melting Around Antarctica 
E. Rignot et al. 

Basal melting of Antarctic ice shelves 
accounts for as much mass loss as does 


iceberg calving. 


Lethal Aggression in Mobile Forager Bands 
and Implications for the Origins of War 

D. P. Fry and P. Séderberg 

Nomadic foragers are less warlike than 
assumed, suggesting that war may not have 
been an early component of human behavior. 
>> News story p. 224 


Interactions of Multisensory Components 
Perceptually Rescue Tungara Frog 
Mating Signals 

R. C. Taylor and M. J. Ryan 

Mating signals that females find unattractive 
when presented singly become attractive 
when combined. 
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Loss of Function of the Melanocortin 2 
Receptor Accessory Protein 2 Is Associated 
with Mammalian Obesity 

M. Asai et al. 

Disruption of a protein required for effective 
signaling by a melanocortin receptor causes 
severe obesity in mice. 


Developmental Control of the 
Melanocortin-4 Receptor by MRAP2 
Proteins in Zebrafish 

J. A. Sebag et al. 

A study in zebrafish sheds light on the 
signaling properties of a protein implicated 
in severe obesity in mice. 


Pandoraviruses: Amoeba Viruses 

with Genomes Up to 2.5 Mb 
Reaching That of Parasitic Eukaryotes 
N. Philippe et al. 

Giant viruses that infect Southern 
Hemisphere Acanthamoeba and 

are visible under the light microscope 
have been identified. 

>> News story p. 226 


Sept4/ARTS Regulates Stem Cell Apoptosis 
and Skin Regeneration 

¥. Fuchs et al. 

Elimination of a proapoptotic gene increases 
hair follicle stem cells and improves skin 
regeneration and wound repair in mice. 


How the Red Queen Drives Terrestrial 
Mammals to Extinction 

T. B. Quental and C. R. Marshall 

Loss of diversity among Cenozoic land 
mammals suggests a failure to keep pace 
with a deteriorating environment. 


Exceptional Convergence on the 
Macroevolutionary Landscape in Island 
Lizard Radiations 

D. L. Mahler et al. 

A comparative study describes morphological 
evolution across the entire Greater Antillean 
anole lizard fauna. 


Predicting and Manipulating Cardiac Drug 
Inactivation by the Human Gut Bacterium 
Eggerthella lenta 

H. J. Haiser et al. 

The heart drug digoxin can be inactivated 

by a strain of gut microbe bearing a cardiac 
glycoside reductase operon. 
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Accretion Analog 


Mass flow from a circumstellar disk onto a young 
star's surface plays an important role in the 

final stages of star formation but the details of 
this complex process are not well understood. 
Reale et al. (p. 251, published online 20 June) 
analyzed a solar flare that led to bright impacts of 
plasma onto the solar surface. Numerical simula- 
tions suggest that these events can be seen as 
analogs to accretion of matter onto stars and can 
thus be used to understand stellar accretion. 


Mars’ Atmosphere 
from Curiosity 


The Sample Analysis at Mars (SAM) instrument 
on the Curiosity rover that landed on Mars in 
August last year is designed to study the chemi- 
cal and isotopic composition of the martian 
atmosphere. Mahaffy et al. (p. 263) present 
volume-mixing ratios of Mars’ five major atmo- 
spheric constituents (CO., Ar, N, O,, and CO) 
and isotope measurements of *°Ar/**Ar and C 
and O in CO,, based on data from one of SAM's 
instruments, obtained between 31 August and 
21 November 2012. Webster et al. (p. 260) 
used data from another of SAM's instruments 
obtained around the same period to determine 
isotope ratios of H, C, and O in atmospheric CO, 
and H,0. Agreement between the isotopic ratios 
measured by SAM with those of martian meteor- 
ites, measured in laboratories on Earth, confirms 
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<<More | | 
Magnetoresistance 


When data is read off your com- 
puter’s hard drive, chances are that 
the read head is using the phe- 
nomenon of magnetoresistance 
(MR)—the dependence of electri- 
cal resistance on applied magnetic 
field—to interpret the magnetic 
signature of the data on the disk. 
Devices that have the large MR 
necessary for such tasks are usu- 
ally made of layers of magnetic 
materials. Mahato et al. (p. 257, 
published online 4 July) observed 
a large MR effect in a nonmag- 
netic material—organic molecules 
squeezed into a zeolite crystal. Im- 
portantly for potential future ap- 
plications, the effect was observed 
at room temperature and at low 
magnetic fields. 


the origin of these meteorites and implies that 
the current atmospheric reservoirs of CO, and 
H,0 were largely established after the period of 
early atmospheric loss some 4 billion years ago. 


Major Meltdown 


The ice shelves and floating ice tongues that 
surround Antarctica cover more than 1.5 million 
square kilometers—approximately the size of 
the entire Greenland Ice Sheet. Conventional 
wisdom has held that ice shelves around 
Antarctica lose mass mostly by iceberg calving, 
but recently it has become increasingly clear 
that melting by a warming ocean may also be 
important. Rignot et al. (p. 266, published 

13 June) present detailed glaciological esti- 
mates of ice-shelf melting around the entire 
continent of Antarctica, which show that basal 
melting accounts for as much mass loss as does 
calving. 


Ancient Warriors 
or Murderers? 


Some have suggested that the human predilec- 
tion for war is ancient, perhaps dating back 

to the emergence of our species, while others 
maintain that evidence for such early warring 
is scant. Past studies that looked at nomadic 
foraging bands as models of early humans and 
their potential for conflict concluded that war 
is in our blood. Fry and Séderberg (p. 270), 
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however, reexamined the standard cross-cultural 


| sample, the main repository for behavioral data 


on forage bands, and found little evidence for 
large-scale conflicts or wars. Instead, the major- 
ity of incidences of lethal aggression in these 
societies were homicides driven by a variety of 
factors relevant at the individual or family scale. 


Accessory to Obesity? 


Melanocortin receptors are a family of cell 
membrane receptors that control diverse 
physiological functions. Mutations in the gene 
encoding melanocortin 4 receptor (MC4R) are 
a cause of familial early-onset obesity. Asai et 
al. (p. 275) studied the function of an acces- 
sory protein for MCAR signaling, MRAP2, and 
found that mice genetically deficient in MRAP2 
develop severe obesity. Sequencing of MRAP2 
in unrelated, severely obese humans revealed 
one individual with a clearly disruptive genetic 
variant, suggesting that MRAP2 mutations might 
also be a rare cause of human obesity. In a 
zebrafish model, Sebag et al. (p. 278) studied 
two paralogs of the MRAP2 accessory protein, 
one of which enhanced MCAR responsiveness 
to a—-melanocyte-stimulating hormone, which 
regulates feeding and growth. 


Romancing the Frog 


In tungara frogs, auditory and visual compo- 
nents of mate calling do not naturally occur 
together. Taylor and Ryan (p. 273, published 
online 6 June) now show that two signals that are 
unattractive to female frogs when presented alone 


become highly attractive when presented together. 


Ina kind of “perceptual 
rescue,” the unique com- 
bination of two signals 
increased the receiver's 
interest in the previously 
uninteresting signals. 


Stem Cells in 
Wound Healing 


Although excessive numbers of stem cells (SCs) 
may increase the risk of cancer, elevated SC 
numbers may be desirable, at least transiently, 
for the promotion of tissue repair and regenera- 
tion. Fuchs et al. (p. 286, published online 20 
June) found that mice deficient for the proapop- 
totic Sept4/ARTS gene have elevated numbers of 
apoptosis-resistant hair follicle SCs and display 
dramatic improvement in wound healing and 
regeneration. Inactivation of the caspase inhibi- 
tor XIAP, a direct target for the proapoptotic 
activity of ARTS, abrogated these phenotypes 


| and impaired wound healing. 


SCIENCE www.sciencemag.org 


CREDITS (TOP TO BOTTOM): NYMUS3D; RYAN TAYLOR 


CREDIT: HANZL/ISTOCKPHOTO.COM 


Susan M. Haig is a 
supervisory wildlife 
ecologist with the U.S. 
Geological Survey 
Forest and Rangeland 
Ecosystem Science 
Center, Corvallis, OR; 

a professor of wildlife 
ecology at Oregon State 
University, Corvallis, OR; 
and president of the 
American Ornithologists’ 
Union, Washington, DC. 
E-mail: susan_haig@ 
usgs.gov. 


Thomas E. Martin is a 
senior scientist with the 
U.S. Geological Survey 
Montana Cooperative 
Wildlife Research Unit, 
Missoula, MT; and a 
professor at the University 
of Montana, Missoula, 
MT. E-mail: tmartin@ 
usgs.gov. 


Charles van Riper III 

is a senior scientist 
and supervisory 
research ecologist with 
the U.S. Geological 
Survey at the University 
of Arizona, Tucson, AZ. 
E-mail: charles_van_ 
riper@usgs.gov. 


T. Douglas Beard Jr. is 
the chief of the U.S. 
Geological Survey 
National Climate Change 
and Wildlife Science 
Center, Reston, VA; and 
president of the World 
Council of Fisheries 
Societies, Bethesda, 
MD. E-mail: dbeard@ 
usgs.gov. 


Pathways for Conservation 


NEXT WEEK, CONSERVATION SCIENTISTS WILL GATHER AT THE INTERNATIONAL CONGRESS FOR 
Conservation Biology (ICCB) in Baltimore, Maryland, to grapple with the challenges of 
preserving our natural world in the face of a growing and increasingly consumptive human 
population. The natural world provides countless services, such as clean water, protection 
from flooding, and carbon sequestration, while offering opportunities for new medicines, 
foods, and energy production. Yet these valuable services and opportunities are disappear- 
ing along with the species and natural areas that supply them. The needs of a growing human 
population must be met while conserving the planet’s natural systems. Accomplishing both 
will depend on making clearer connections between scientific results regarding issues such 
as biodiversity loss and the critical decisions that must be made about conditions that under- 
lie change, such as greenhouse gas emissions and freshwater availability. The good news is 
that today’s conservation scientists are developing innovative tools 
and strategies. 

New technical concepts include applying electronic circuit the- 
ory to better understand how environmental features influence 
the genetic structure of multiple species in a particular landscape. 
This landscape genetics approach has provided guidance for deci- 
sions about timber management in the disappearing mature for- 
ests of the U.S. Pacific Northwest. Advances in automated wireless 
sensors, deployed by the thousands, will reduce the need for labor- 
intensive manual sampling of water, soil, air, vegetation, and wild- 
life, providing an unprecedented opportunity to track the effects of 
climate change. Likewise, identifying animal responses to environ- 
mental change throughout their life cycle will benefit from the use 
of unmanned aircraft. This effort will be greatly enhanced when a 
global animal tracking system operated from the International Space 
Station (called ICARUS) is launched and then expanded with the use of cell phone tech- 
nology to monitor animal migratory connectivity. Even de-extinction technologies may be 
considered in future efforts. 

Successful strategies for maximizing biodiversity while supporting human needs depend 
on understanding how species differ in their resilience and adaptability to broad environ- 
mental change. Those with little plasticity or genetic variance are at highest risk because 
of changing conditions; these include corals, amphibians, and island birds. Climate change 
may lead to completely new species assemblages, and conservation decision-makers must 
understand species responses so that responsible actions can be implemented. Another chal- 
lenge is identifying the responses of invasive species, because they can so easily adapt to 
changing conditions and negatively alter biodiversity. This can be seen in the largely inef- 
fective efforts to thwart loss of biodiversity in the U.S. Great Lakes as a result of a nonnative 
zebra mussel or in the loss of native plant diversity caused by invasive spotted knapweed. 

Most importantly, conservation scientists must redouble efforts to communicate their 
research to the public, agencies, and policy-makers in ways that are easily understood and 
implemented. This approach is currently playing out in the California State Legislature 
as conservation scientists convey the negative effects of lead ammunition on wildlife and 
humans. A statewide ban on lead would also substantially boost recovery of the California 
condor and other scavenging birds and mammals. Overall, conservation decisions must be 
made by considering the fair-value impact on the ecosystem as well as the human need for 
the resource. If appropriately valued, nature and society should both benefit. The ICCB con- 
ference will continue this discussion to identify and address the most important of these 
challenges for preserving our natural world. 

— Susan M. Haig, Thomas E. Martin, Charles van Riper Ill, T. Douglas Beard Jr. 
10.1126/science.1242710 
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Merger Relics . 


Massive galaxies are thought to form through a succession of mergers between smaller galaxies. 
These interactions are expected to be more frequent in regions where there are fewer galaxies; in 
high-density regions, galaxies move faster and mergers are less likely. However, a recent study has 
revealed that 38% of massive galaxies in heavy clusters‘of galaxies show features that are consistent 
with the merging of galaxies (such as tidal tails). To try to explain this unexpectedyresult, Yi et al. 
ran a cosmological-volume simulation to derive the merger history of dark-matter halos, then 
constructed semi-analytical models of galaxies to populate those halos, and finally performed 
hydrodynamical simulations of galaxy-galaxy mergers to estimate the lifetime of merger features. 
Merger features are expected to last very long in clusters of galaxies. Thus, when observed there, 
they may not be the result of recent in situ mergers but relics from interactions that happened when 


the galaxies were in a different environment. — MJC 


Minute Regulation 


A more thorough understanding of cellular 
signaling mechanisms depends on resolv- 

ing the spatial and temporal characteristics of 
such signals in vivo. During the third hour of 
development of the fruit fly embryo, formation 
of the membranes that partition the syncytium 
into individual cells occurs with such regularity 
that it can be used as a marker of developmental 
age of the embryo with an accuracy of about 


1 min. Lim et al. analyzed the kinetics of the 
effects of the mitogen-activated protein kinase 
ERK on transcription in dozens of stained and 
fixed embryos oriented on microfluidics chips. 
Activated ERK was known to reduce the nuclear 
localization of the transcriptional repressor 
protein Cic, thus increasing Cic’s degradation. 
However, these more refined measurements 
showed that ERK has a faster regulatory effect 
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Astron. Astrophys. 554, A122 (2013). 


on Cic, indicating that Cic degradation may be 
a consequence of an earlier signal. — LBR 
Proc. Natl. Acad. Sci. U.S.A. 110, 10330 (2013). 


Tumor Epigenetics 


That human tumors display both genetic muta- 
tions and epigenetic alterations—for example, 
in DNA methylation—has been known for many 
years; with the completion of cancer genome 
sequencing projects, possible causal links 
between the two have come into 
sharper focus. The discovery of re- 
current tumor-associated mutations 
in genes that encode chromatin- 
modifying enzymes or DNA meth- 
yltransferases represents a clear 
link between tumor genotype and 
“epigenotype.” Emerging evidence 
suggests that a link can be subtle, 
as illustrated by two studies describ- 
ing consistent epigenetic alterations 
in tumors with mutations in the gene encoding 
the metabolic enzyme succinate dehydrogenase 
(SDH). Killian ef al. find that gastrointestinal 
stromal tumors harboring SDH mutations are 
characterized by dramatic and widespread DNA 
hypermethylation, whereas Letouzé et al. report 
that SDH-mutant paragangliomas display DNA 
hypermethylation that is associated with the 
silencing of genes involved in neuroendocrine 


cell differentiation. Both groups hy- 
pothesize that the hypermethylation 
phenotype is due to the aberrant 
accumulation of an oncometabolite 
that inhibits DNA-demethylating 
enzymes, with succinate being a 
strong candidate. — PAK 

Cancer Discov. 3, 648 (2013); 

Cancer Cell 23, 739 (2013). 


Communicable Disease 


In the United States, states have 
the authority to grant exemp- 
tions so that children can begin 

to attend school without having 
been vaccinated against child- 
hood diseases. Medical exemptions 
can be granted when a child has 

a history of allergic reactions or 

is immunocompromised. How- 
ever, there has been a noticeable 
increase in the numbers of unvac- 
cinated children resulting from 
nonmedical exemptions, based on 
religious or philosophical grounds; 
in 2011-2012, roughly 80% of all exemptions 
were nonmedical. Blank et al. have gathered 
information from public health officials, health 
departments, the Centers for Disease Control 
and Prevention, the National Conference of State 
Legislatures, and state legislature databases. 
Policies were characterized as easy, medium, 
or difficult, according to the level of effort they 
would pose for parents requesting exemptions. 
The lower the barrier, the more nonmedical 
exemptions were observed, with a twofold dif- 
ference between the easiest and most difficult 
procedures. For 2011-2012, at least 21 bills 
were introduced at the state level to change 
the exemption procedures, and exemptions 
would have been made easier if bills in 10 
states had passed. As of February 2013, three 
bills have been introduced in two states to 
tighten exemptions, and five bills have been 
introduced in four states to loosen them. The 
authors advocate social and policy efforts to 
promote parental education and to stem the 
spread of vaccine-preventable diseases. — B] 
Health Affairs 32, 1282 (2013). 


Heating the Deep Ocean 


As greenhouse gas concentrations in the 
atmosphere increase, the resulting heat warms 
not only the atmosphere but also the oceans. 
However, temperature increases at the sea 
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surface and in the upper ~700 m of the oceans 
stalled in the 2000s. Recent modeling and 
observational studies have suggested that the 
deep ocean has taken up the heat, particularly 
at depths between 700 and 2000 m. However, 
regular, spatially homogenous ocean tempera- 
ture data are only available since 2003 from 
the Argo ocean observing system, complicating 
comparison with earlier data sets. Balmaseda 
et al. used a new observation-based reanalysis 
of the ocean to investigate how the heat content 
has changed over the period from 1958 to 
2009. They provide evidence for an overall 
warming trend, punctuated by cooling episodes 
that can be attributed to volcanic eruptions. 
The massive 1997-1998 El Nifo event also 
had a noticeable cooling impact. In the past 
decade, the deep ocean has continued to warm, 
whereas temperatures in the upper 300 m have 
stabilized; the ocean as a whole has continued 
to warm at an increasing rate. The qualitative 
warming patterns persisted when Argo data were 
removed. The authors attribute the changing 
heat distribution to changes in surface winds, 
particularly an intensification of the trade winds 
in subtropical gyres. — JFU 

Geophys. Res. Lett. 40, 1754 (2013). 


GEOCHEMISTRY 


Oxidation Before Oxygen 
a 


is} 
2 
a 
o 
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The emergence of oxygen-producing photosyn- 
thesis had a profound effect on Earth's surface 
5 environment. It eventually oxidized the oceans 
and atmosphere, paving the way for aerobic life. 


Determining the timing of photosynthesis and 
the subsequent transformation of biogeochemi- 
: cal cycles relies on analyzing clues in ancient 

= buried sediments. Johnson et al. analyzed the 
mineralogy and isotopic signatures of carbon 
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and sulfur in 2.4-billion-year-old drill cores 
from South Africa. Synchrotron-based x-ray 
absorption spectroscopy revealed that abundant 
Mn oxides were hosted in carbonate deposits, 
which were probably formed via oxidation of 
soluble Mn(II). Several lines of geochemical 
evidence based on redox-sensitive proxies, 
however, preclude oxygen as the primary oxi- 
dant acting on Mn. Moreover, because the rise 
of oxygen from oxygenic cyanobacteria would 
not occur for another 200 million years after 
the sediments were deposited, a primitive (or 
transitional) form of photosynthesis may have 
been responsible for forming the Mn oxides. In 
this scenario, the water-oxidizing complex in 
the early photosynthesizing enzyme machinery 
utilized Mn(II) as an electron donor. — NW 
Proc. Natl. Acad. Sci. U.S.A. 110, 11238 (2013). 


MATERIALS SCIENCE 
| Sense the Force 


Although composite materials can show enhanced 
properties, understanding the way these materials 
deform and fail is not straightforward. Besides 
the individual properties of the matrix and the 
filler, one has to worry about the distribution 
of the filler particles, the strength of the interfa- 
cial bonding between the filler and matrix, and 
the way that the combined material will deform 
and debond. Raja et al. show that luminescent 
semiconductor nanocrystal tetrapods, composed 
of zinc-blend CdSe cores with epitaxially grown 
wurtzie CdS arms, can be used as stress sensors. 
The tetrapods were electrospun into a matrix 
of poly t-lactic acid at 
weight fractions rang- 
ing from 3.6 to 40%. 
During extension of 
the composite fibers, 
both the elastic and 
plastic deformation re- 
gions could be tracked 
through shifts in the 
fluorescence of the 
nanocrystals. The au- 
thors note that because 
the particles tend to 
clump and because 
there is incomplete 
stress transfer from 
the polymer to the 
nanocrystals, they do 
not deform plastically 
when the polymer does, thus giving greater re- 
versibility to the stress measurements, as seen 
in comparing the fluorescence observations with 
traditional tensile measurements. — MSL 

Nano Lett. 10.1021/nl401999t (2013). 
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Want to win a rather | 
special prize in Stockholm, 
Sweden this December? 


Winner's essay published in the journal Science 
$25,000 dollars grand prize 
Awards held.in Stockholm in December 


This December a rather special prize will be awarded in Stockholm, Sweden. The journal Science and SciLifeLab 
have come together to recognize and celebrate excellence in PhD research. The Science and SciLifeLab Prize has 


been established to support young scientists at the start of their career. 


Clo. one . : 
Science has never been more exciting and, as leaders in science, we need to support 
. a pp . » 
and encourage young researchers today and tomorrow. This prize is a way of doing just that. 
Professor Mathias Ublén, Director SciLifeLab 


The grand prize winner of this major global award will have their essay published in the journal Science and receive 
$25,000. Three runners up will receive a combined total of an additional $10,000 in prize money. 
The prizes will be presented in Stockholm, Sweden in the middle of December 2013. 


To enter 
You must be a recent Ph.D. graduate (awarded between January 1, 2011 and December 31, 2012). 
Subm 


cance of its contribution and overall implications in the field. The four submission areas for this prize are: 


ions must be in the form of a 1000 word essay, in English, on your thesis, highlighting the signifi- 


(1) Genomics / Proteomics / Systems Biology (2) Developmental Biology (3) Molecular and Cellular Biology 
(4) Environmental Life Science. 
The deadline for submissions is August 15, 2013. The overall winning essay will be published in Science. 


For further details and to enter, please go to: www.sciencemag.org/scilifelabprize 


For over 130 years the 
journal Science has been the 
world’ leading journal of 
original scientific research, 


global news and commentary. 


SciLife 


Lab is a collaboration 
between four universities in 
Stockholm and Uppsala, Sweden, 
and is a pioneering center for 
large-scale biosciences with a 

focus on health and 


environmental research. 


With the kind support 
of the Knut and Alice Wallenberg 


Foundation. 
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Mallen bergs° 
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SciL ifeLab 


220 


Rome 1 


Rinderpest Research Poised 

For a Comeback 

In 2011, rinderpest, a devastating cattle ill- 
ness, became the second infectious disease 
after smallpox that humans have eradicated 
from nature. In June 2012, the U.N. Food 
and Agricultural Organization (FAO), in 
Rome, and the Paris-based World Organi- 
sation for Animal Health (OIE) banned 
research using live rinderpest virus, fearing 


ormer scourge. Cows dead from rinderpest 
South Africa in 1896. 


an accident could cause a resurgence. Now, 
research on the virus is set to resume fol- 
lowing a 10 July decision by FAO and OIE 
to lift the moratorium. The two organiza- 
tions used the hiatus to develop safety proto- 
cols and risk-versus-benefit criteria. 

Juan Lubroth, FAO’s chief veterinar- 
ian, says that there is interest in sequencing 
some of the hundreds of isolates that were 
collected over decades to understand how 
the virus changed over time. They also want 
to see if vaccines developed for peste des 
petits ruminants, a closely related disease, 
can protect cattle from rinderpest. If so, 
stores of rinderpest virus used to replen- 
ish vaccines could be destroyed, eliminat- 
ing another potential source of accidental 
release. Researchers will have to convince a 
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joint FAO-OIE expert committee that they 
can meet the new safety criteria. “We want 
to ensure [rinderpest research] is done in the 
safest possible environment,” Lubroth says. 


Bethesda, Maryland 2 
U.S. Senate Panel Gives NIH 
$31 Billion in 2014 


AUS. Senate spending panel last week 
approved a bill giving the National Institutes 
of Health (NIH) $31 billion in 2014, a 7% 
increase over this year’s budget, which was 
depressed by the across-the-board federal 
budget cuts known as sequestration. The 
NIH funding level approved by the Senate 
Appropriations Committee is $147 million 
below the president’s request for 2014, but 
$2 billion more than the $28.9 billion that 
NIH has to spend this year. 

Jennifer Zeitzer, legislative relations 
director for the Federation of American 
Societies for Experimental Biology, said 
that her group is “thrilled” with the figure. 
“It’s far better than the current situation and 
it’s a move in the right direction,” she says. 
The bill now awaits a vote by the entire 
Senate. The House Appropriations Commit- 
tee, which has a much smaller pot of money 
to fund NIH and other agencies, has not yet 
taken up its version of the bill. 


Brussels 3 


E.C. Beefs Up Research 
Partnerships With Industry 

The European Commission wants to double 
public money available for Joint Technology 
Initiatives (JTIs), five research programs that 
provide public support to private research 
and innovation, with industry matching 

E.U. funding. Together, the JTIs will receive 
€6.44 billion from the E.U. budget between 


Double the money. Geoghegan-Quinn announces 
new plans for Joint Technology Initiatives. 


2014 and 2020, up from €3.12 billion in 
2007 to 2013, research commissioner Maire 
Geoghegan-Quinn announced on 10 July. 
Industry says that it will put about €10 bil- 
lion on the table for the next 7 years, up from 
€4.66 billion in the current period. 

JTIs bring together academia, research 
organizations, and competing businesses 
in research areas considered complex or 
risky, such as aeronautics or pharmaceu- 
ticals. The initiatives have been slammed 
for having complex rules and procedures, 
but the funding boost is a testament to the 
participants’ overall satisfaction with this 
collaborative model. Future incarnations 
will be more ambitious, cut down on red 
tape, and align disparate rules, a commis- 
sion spokesman says. 

The commission will release a detailed 
legal proposal early next week. The plans 
must then be signed off on by the European 
Parliament and member states before the 
programs are rolled out next year. 
http://scim.ag/EUJointTech 


Rome 4 


Scientists, Stem Cell Provider 
Meet to Discuss Trial 


A panel of top science administrators and 
stem cell scientists met on 12 July with 
Davide Vannoni, president of the Stamina 
Foundation, which provides controversial 
stem cell treatments, to hash out details for 
a government-sponsored clinical trial of the 
therapy. Many stem cell scientists remain 
opposed to the study, saying there’s little to 
suggest that the therapy—which is based on 
cultured mesenchymal stem cells but whose 
details remain unpublished—will work. 

In May, the Italian Parliament ordered 
an 18-month clinical trial of the therapy and 
allocated €3 million to carry it out. But prior 
to the 12 July meeting, Vannoni had not yet 
provided the committee appointed to coordi- 
nate the study with protocols describing how 
his treatment works, because he says that he’s 
still working on their standardization. The 
start of the trial has been delayed by at least 


SCIENCE www.sciencemag.org 


CREDITS (TOP TO BOTTOM): EUROPEAN UNION/SHIMERA/JENNIFER JACQUEMART; WIKIMEDIA COMMONS 


a month. Vannoni has his own conditions, 
including that there can be no changes to his 
protocol and the cells need to be produced at 
one facility under the supervision of a Stam- 
ina biologist. Barring these, Vannoni says 
that he may move the research abroad. 
http://scim.ag/Staminatrial 


Also last week, four Japanese electric 
utilities applied for approval to restart 
10 nuclear power plants that have been idled 
since shortly after the Fukushima accident. 
NRA will review the applications based on 
new safety standards unveiled last month. 
The process is expected to take at least 
6 months. The utilities will also need the 
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exploded in size in the first moments after 
the big bang. The work laid the foundations 
for the idea of an inflationary universe, a 
bedrock of modern cosmology. 

Mukhanov’s contribution dates back 
to 1981, when he was a researcher at the 
Moscow Physical Technical Institute. Along 
with a fellow scientist named G. V. Chibisov, 


approval of local governments. Mukhanov showed that quantum fluctuations 
in the dense and tiny newborn universe could 
have served as the seeds of modern day cos- 
mic structure. As the universe swelled, these 
fluctuations gave rise to the formation of gal- 


axies and galaxy clusters. 


Contaminated Water Likely 
Polluting Ocean From Reactors 


Japanese and international groups moni- 
toring Pacific Ocean waters near the Fuku- 
shima Daiichi Nuclear Power Plant have 
continued to find radioactive cesium at lev- 
els higher than expected, given the effects 
of dilution and radioactive decay. They 
have claimed that this suggests contami- 
nated cooling water is leaking from the 
crippled reactors, though plant operator 
Tokyo Electric Power has long denied 

this possibility. At a press briefing on 

10 July, Shunichi Tanaka, chair of Japan’s 
new Nuclear Regulation Authority (NRA), 
sided with the experts, saying that the evi- 
dence suggests that radiological contamina- 
tion of the ocean probably “has been con- 
tinuing for the last 2 years.” Tanaka added 
that it was important to take measures to 
minimize the leaks. 


NEWSMAKERS 


Origin-of-Everything Studies Nab 
Gruber Prize ; 
Two physicists who made yr 
fundamental contributions 
to understanding how the 
universe evolved into its 
current structure have won 
the 2013 Gruber Cosmol- 
ogy Prize. Viatcheslav 
Mukhanov, a professor at 
Ludwig Maximilians 
University in Munich, 
Germany, and Alexei 
Starobinsky, a researcher 
at the Landau Institute 
for Theoretical Physics in 
Moscow, will share the $500,000 award. 
Starobinsky’s calculations in the late 
1970s showed that the universe could have 


FINDINGS 
Cancer Knife Sniffs Out Tumor Cells 


When cancer surgeons can’t see the edges of 
a tumor, they often send some tissue to the 
pathology lab, which can take up to 

30 minutes per analysis. Now, there’s an 
alternative: The “intelligent knife,” or 
iKnife. When tissue is seared by a standard 
electrosurgical scalpel, the iKnife sucks the 
resulting smoke into a modified mass spec- 
trometry machine. The instrument aims 

to instantly detect whether cells are cancer- 
ous or healthy by analyzing this smoke for 
certain lipids, or fats, and comparing 
this profile to molecular signatures 


>> 


Meet ‘Big-Nose Horned-Face’ 


There’s a new contender for wackiest-looking 
dinosaur: Nasutoceratops, which means, in 
Latin, “big-nose horned-face.” The 5-meter- 
long dino had a giant schnoz and sharp, 
curved horns measuring nearly a meter long. 
Nasutoceratops, a distant relative of the 
famed Triceratops, was recently discovered 
by paleontologists digging in Utah’s Grand 
Staircase-Escalante National Monument. 
As the team reports online this week in the 
Proceedings of the Royal Society B, the creature 
lived about 76 million years ago in a swampy, 
subtropical region that geologists call Lar- 
amidia, formed when an inland sea filled the 
center of North America and divided it in half. 
The dino’s nose wasn’t used for smelling; the 
scent organs of horned dinosaurs were further 
back in their heads, next to the brain. So why 
such a big honker? The researchers don’t know, 
but suggest that the elaborate horns might 
have been used to attract females and fend off 
competing males. 
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BY THE NUMBERS 

23.82 months Average time 
from publication to retraction 

for articles published after 2002, 
according to a PLOS ONE analysis. 
Papers published between 1973 and 
2002 took nearly 50 months before 
retraction, perhaps due in part to 
higher barriers to pulling papers. 


64% Fraction of 455 women 
who experienced infertility after 
surviving childhood cancer and 
were eventually able to become 
pregnant, according to a report in 
The Lancet Oncology. 


8000 years ago First known 
use of manure as fertilizer among 
Europe's first farmers—thousands of 
years earlier than thought—according 
to a study in the Proceedings of the 
National Academy of Sciences. 


>>FINDINGS 

for various cancer types. When tested during 
81 surgeries, the iKnife matched pathology 
results for cancerous and normal tissues for 
every single patient, the researchers report 


this week in Science Translational Medicine. 
The iKnife provides “real-time infor- 
mation,” says its inventor Zoltan Takats, a 
Hungarian chemist who collaborated with 
surgeon Jeremy Nicholson at Imperial Col- 
lege London to develop the tool. Their next 
step is to conduct clinical trials to find out 
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if using the iKnife helps patients develop 
fewer recurring tumors and live longer. 
http://scim.ag/cancerknife 


Shedding Light on Microbial 
‘Dark Matter’ 


When researchers began sequencing DNA 
from environmental samples more than a 

decade ago, they discovered a vast, diverse 
world of microbes. But this microbial dark 


* Mysteries revealed. 
Now microbes from 
environmental samples 
can be characterized 

from their genomes. 


matter has defied further description—and 
definitive placement on the tree of life— 
because so few kinds will grow in the lab. 


That didn’t stop microbiologist Tanja 
Woyke from the Department of Energy Joint 
Genome Institute in Walnut Creek, Califor- 
nia. She and her colleagues used an approach 
that allowed them to sequence the DNA in 
individual cells (rather than requiring many 
copies of the cells). They characterized 200 
new microbes from 29 largely uncharted 
phyla, then used the genomes to determine 
the microbes’ phylogenetic relationships and 
to assess how each lives, naming 18 phyla 
accordingly, the team reported 
online this week in Nature. 
Novelties emerged: Some 
archaea possess genes previ- 
ously thought to exist only in 
bacteria; some bacteria have 
archaeal genes. One group 
of microbes has even altered 
the three-base coding system 
for proteins. 

In the future, single-cell 
sequencing could fill in more 
branches of the microbial 
tree of life. “It’s an inflec- 
tion point in environmental 
microbiology and micro- 
biology in general,” says 
Norman Pace, a microbiologist at the Uni- 
versity of Colorado, Boulder. 
http://scim.ag/microbedark 
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Cool by the Numbers 


When it comes to a hot, crowded 
room, hell really is other 
people. But once they exit, air- 
conditioning the empty room is 
an energy drain. The solution: a 
ventilation system that adjusts 
to the number of people in a 
room. Such a system could save 
three times as much energy as 
simply turning off the heat and 


~ 


air conditioning to empty rooms, computer models show. Installing people-counting sensors 
could save 18% of the energy used by a typical large office building in the United States, 
report researchers at the Department of Energy's (DOE's) Pacific Northwest National Labora- 
tory (PNNL) in Richland, Washington. By comparison, turning off heating, ventilation, and air 
conditioning to empty rooms saves 6%, says PNNL engineer Guopeng Liu. 

But building owners are likely to install such a system only if it’s cheap and doesn’t require 
rewiring the building, says Aravind Dasu, a computer scientist with the University of Southern 
California in Washington, D.C.: “If it’s all wireless it’s a game-changer.” James Freihaut, chief 
scientist at DOE's Energy Efficient Buildings hub in Philadelphia, Pennsylvania, notes that local 
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building codes may also present a challenge, as many of them require constant ventilation 
within an occupied commercial structure. 
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JAPAN 


Tampered Data Cast 
Shadow on Drug Trial 


TOKYO—In a scandal reverberating across 
Japan’s biomedical research landscape, a uni- 
versity in Kyoto last week acknowledged data 
manipulation in a university-run clinical trial 
for a blockbuster hypertension drug, valsar- 
tan. Japanese media have turned the episode 
into a cause célébre; the Yomiuri Shimbun, 
one of Japan’s biggest newspapers, labeled it a 
“serious betrayal” for patients. Repercussions 
could extend beyond valsartan, marketed 
under the trade name Diovan by the Swiss 
pharmaceutical giant Novartis. 

“This incident is causing a loss of confi- 
dence in Japan’s research internationally and 
making Japanese patients skeptical [about 
treatments],” says Yoshiki Yui, a medical 
doctor at Kyoto University. Health minis- 
ter Norihisa Tamura has vowed to appoint a 
committee that would propose measures to 
prevent a recurrence. 

Sold worldwide, valsartan was approved 
in Japan in 2000 and has become the coun- 
try’s best-selling drug, pulling in roughly 
$1 billion last year, according to analysts. 
A clinical trial claiming that valsartan also 
reduces angina and stroke risk helped boost 
its popularity in Japan. That claim has fallen 
apart, in the process raising concerns about 
cozy ties between researchers and drug com- 
panies and about impediments to investigat- 
ing research misconduct in Japan. 

At the heart of the scandal are data from 
the Kyoto Heart Study, launched in 2003 by 
Hiroaki Matsubara, a cardiologist at Kyoto 
Prefectural University of Medicine (KPUM). 
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The 4-year study followed 3000 patients given 
valsartan or alternative medications. A main 
outcome, reported on 31 August 2009 in the 
European Heart Journal, was that valsartan, 
which reduces blood pressure by blocking the 
receptor for the hormone angiotensin, “pre- 
vented more cardiovascular events” in high- 
risk patients than did drugs that lower blood 
pressure through another mechanism. 

In late 2011, bloggers started raising ques- 
tions about alleged image manipulation in 
Matsubara’s papers. Then, in an April 2012 
letter to The Lancet, Yui expressed concerns 
about Kyoto Heart Study’s statistics and con- 
clusions, writing that the effectiveness in pre- 
venting angina was not seen 
in other trials of valsartanlike 
drugs or in clinical practice. 
Responding to requests from 
journals, KPUM started its 
own investigation. Matsubara 
resigned from KPUM in Febru- 
ary, after the European Heart Journal, citing 
“[c]ritical problems ... with some of the data,” 
retracted the heart study paper. 

“Data were manipulated,’ KPUM Presi- 
dent Toshikazu Yoshikawa bluntly stated at 
an 11 July press conference. According to 
the university’s investigative report, which 
Science has obtained, in the Kyoto Heart 
Study there were 34 discrepancies between 
the clinical medical records and the data set 
used for analysis; these overstated adverse 
cardiovascular events in the nonvalsartan 
group and missed such events in the valsartan 
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“Data were 


manipulated.” 


—TOSHIKAZU YOSHIKAWA 
KPUM PRESIDENT 
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Chagrined. KPUM President Toshikazu Yoshikawa 
(center) and other officials apologize after report- 
ing fraud. 


group. Once anomalous data were corrected, 
the claim that valsartan reduces the incidence 
of cardiovascular events such as angina or 
stroke by about half “is not supported,” the 
report says. Eight papers authored by Matsub- 
ara have been retracted. 

In an e-mail to Science, Matsubara 
writes that he “was not involved in and gave 
no instructions” for the event data analy- 
sis, which he said was the responsibility of 
a Novartis employee. Novartis headquarters 
in Basel declined to comment on KPUM’s 
findings, stating in an e-mail to Science that 
“we are unfamiliar with how the university 
conducted its review.” But the company has 
confirmed that employees of its Japanese sub- 
sidiary participated in the Kyoto Heart Study 
and several similar studies at other Japanese 
institutions without noting their affiliation on 
resulting papers. In a statement posted to its 
website on 12 July, Novartis blamed the dis- 
closure failures on a lack of guidelines and a 
misunderstanding of the appropriate level of 
involvement in such trials. “Preventive and 
corrective measures have been implemented,” 
the statement said. 

The debacle raises troubling questions 
about research oversight. KPUM officials said 
that they could not probe more deeply into 
who manipulated data because they cannot 
compel cooperation from Novartis employ- 
ees. Universities in Japan have no authority 
to question people outside their institution, 
says Tetsuya Tanimoto, a physician at the Uni- 
versity of Tokyo who studies pharmaceutical 
regulatory issues. Japan needs 
something like the U.S. Office 
of Research Integrity, he says. 

Japan’s medical research 
establishment could come in 
for broad scrutiny. KPUM 
confirmed in an e-mail to 
Science that since 2008, Matsubara received 
about $1.4 million for his research from 
Novartis. Such grants to clinical researchers 
are not unusual, but they highlight inadequate 
public support for clinical research in Japan, 
Tanimoto says. The revelations could also 
erode public support for emerging plans to 
shake up medical research by establishing an 
outcome-focused version of the U.S. National 
Institutes of Health. In the wake of the scan- 
dal, the Japanese public may question whether 
the money will be well-spent and the results 
trustworthy. —-DENNIS NORMILE 
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ANTHROPOLOGY 


Latest Skirmish Over Ancestral 
Violence Strikes Blow for Peace 


Are hunter-gatherer societies warlike? That 
question has sparked a war of its own among 
scientists. Some anthropologists see these 
traditional societies as largely peaceful, rely- 
ing on trade networks with outsiders for sur- 
vival, while other researchers cite frequent 
deadly clashes among neighboring groups. 
The question has implications beyond today’s 
dwindling foraging peoples, because our 
ancestors lived as hunter-gatherers for most 
of prehistory. If war is a common feature of 
the foraging way of life, then perhaps it was a 
driving force in human evolution. 

On page 270 of this issue, two research- 
ers fire a salvo in support of peace. Using 
existing ethnographic data, Douglas Fry and 
Patrik Séderberg of Abo Akademi University 
in Vasa, Finland, conclude that people liv- 
ing in mobile foraging societies, such as the 
!Kung of southern Africa and the Semang of 
the Malay Peninsula, today rarely engage in 
what most modern people call “war.” Rather, 
two-thirds of killings in such societies occur 
among people of the same group, and most 
lethal events stem from personal disputes. 
“These findings imply that warfare was prob- 
ably not very common before the advent of 
agriculture, when most if not all humans 
lived as nomadic foragers,” says cultural 
anthropologist Kirk Endicott of Dartmouth 
College, who was not part of the study. 

But those on the other side of the debate 
say that the paper lacks the numerical data 
to evaluate how common war and homicide 
actually are. “This is essentially a list ofanec- 
dotes—there’s no real method in these eth- 
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nographies,” says anthropologist Kim Hill 
of Arizona State University, Tempe, whose 
own detailed field studies found warfare in 
three South American groups. He and oth- 
ers cite recent work suggesting that ancient 
war was frequent enough to have influenced 
our evolution, for example by encourag- 
ing altruistic cooperation among warriors 
(Science, 5 June 2009, p. 1293). 

Fry and Séderberg drew on data from the 
Standard Cross-Cultural Sample (SCCS), 
a respected ethnographic database set up 
by other anthropologists in the 1980s. The 
pair pulled out all mobile societies in which 
hunting, gathering, and fishing brought in 
95% of the people’s food—21 societies in 
all—then studied the oldest ethnographic 
descriptions that were highly rated by the 
SCCS scholars. “To be purists, we took only 
the oldest high-quality sources for each cul- 
ture,” says Fry, an anthropologist; he argues 
that the oldest studies best reflect a society’s 
traditional ways. 

The pair then scrutinized every instance 
of lethal aggression recounted in the ethnog- 
raphies. They found that more than half of 
societies did not practice what they would 
call war on outside groups. Overall, 55% 
of cases had a single killer and single vic- 
tim. Also, most killings were driven by per- 
sonal motives, such as fights over women and 
revenge, and are better classified as homi- 
cides or sometimes feuds than as war, Fry 
says. Such societies are too small to wage 
wars, he notes, and groups rarely fight each 
other because group membership is flexible 


Play, not war. !Kung men like these playing a 
traditional game in Namibia may attack other 
individuals, but they rarely gather to make war on 
other societies. 


and blurred by intermarriage. “In my view the 
default for nomadic foragers is nonwarring.” 

The new study is “a very valuable contri- 
bution to the study of mobile foragers,” says 
anthropologist Richard B. Lee of the Uni- 
versity of Toronto in Canada, who has stud- 
ied hunter-gatherers in the field for 40 years. 
Endicott agrees that the paper offers a “valu- 
able corrective” to an “erroneous” view of 
mobile foragers as warlike. 

However, critics find fault with Fry and 
Séderberg’s selection of societies and their 
restricted samples and ask how well these 
societies represent the past. The descriptive 
data of the SCCS can’t provide the key metric 
on how many people died in war compared 
with other causes of death, Hill says. He 
and economist Samuel Bowles of the Santa 
Fe Institute also argue that Fry should have 
included sedentary hunter-gatherers, such as 
warring fishing societies in British Colum- 
bia. And limiting the data to early ethnogra- 
phies ignores a host of additional data—and 
deaths—says Harvard University anthropolo- 
gist Richard Wrangham. “There is lots of evi- 
dence of war in some of the societies that they 
list as having no killings,” he says. For exam- 
ple, the Andamanese Islanders are reported as 
having few killing events, but other research- 
ers have documented additional killings 
there, often between groups. 

Part of the dispute comes down to the 
definition of war. For Fry, war implies the 
killing of any outgroup member because 
they are in the outgroup; having a personal 
motive makes a homicide. His critics argue 
that personal motives may indeed spark 
“wars” in small-scale societies. “Feuds are 
warfare, revenge raiding is warfare,” Hill 
says. Researchers on both sides caution 
against using living people as direct models 
of our ancestors. 

Anthropologist Polly Wiessner of the Uni- 
versity of Utah in Salt Lake City, who has 
studied both the relatively peaceful !Kung 
and the relatively violent Enga people of 
Papua New Guinea (Science, 28 September 
2012, pp. 1593 and 1651), agrees that few 
mobile foragers often wage war today. But 
given that some foragers do fight fiercely, 
she hopes the battle lines among scientists 
will shift to asking what promotes and what 
inhibits warfare. “We should be asking how 
coalitionary aggression, which does appear 
in our phylogeny, was harnessed among our 
successful ancestors.” —ELIZABETH CULOTTA 
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Spain's Research Council Approaches Bankruptcy 


BARCELONA, SPAIN—Spain’s flagship 
research agency is in deep trouble. The 
Spanish National Research Council (CSIC) 
has run massive deficits for several years. 
If the government—which has made dras- 
tic cuts in research funding the past few 
years—doesn’t pick up the tab, it may go 
into bankruptcy before the year is over. At a 
press conference last week, CSIC President 
Emilio Lora-Tamayo warned of an impend- 
ing “cataclysm” and said that without a cash 
injection, CSIC “wouldn’t be able to go on.” 

On 28 June, the Spanish government 
agreed to give CSIC an extra €25 million, as 
part of an €104 million package for research; 
but CSIC says that it needs €75 million 
more. Meanwhile, Lora-Tamayo has issued 
a range of measures to stem the agency’s 
financial hemorrhage, which scientists say is 
bringing research projects to a halt. CSIC’s 
researchers are angry—particularly about 
the revelation that the agency has dipped 
into the savings accumulated by research 
groups. Some 140 researchers are consid- 
ering taking legal action to get those funds 
back. “The situation is chaotic,” says plant 
biologist José Pio Beltran, who heads the 
office coordinating CSIC institutes in the 
Valencia region. CSIC researchers and trade 
unions held meetings this week to discuss 
the situation. 

With some 6000 researchers in areas from 
biology and materials science to the humani- 
ties, CSIC is the largest research organiza- 
tion in Spain; its 125 institutes—more than 
50 of them joint ventures with universities 
and other research bodies—account for 20% 
of the country’s research output. The gov- 
ernment provides roughly 60% of CSIC’s 
budget; individual researchers raise the rest. 

CSIC’s revenues peaked at €879 mil- 
lion in 2008, when the agency still had a 
€26 million surplus. But since then, fund- 
ing streams have declined much faster than 
expenditures, leading to annual deficits that 
have depleted reserves (see graphic). With 
a projected €101 million deficit in 2013, 
CSIC would go deeply into the red. 

Part of the problem is that, in his first man- 
date between 2004 and 2008, Spanish presi- 
dent José Luis Rodriguez Zapatero “asked 
us to be really driving strongly the Spanish 
[research] system, so we started very ambi- 
= tious programs to incorporate people,” Bel- 
® tran says. When Spain’s economy tanked 
£ and funds declined during Zapatero’s sec- 
= ond term, CSIC continued supporting those 
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people rather than laying them off, Beltran 
explains. Buta letter circulating among CSIC 
researchers to gauge their interest in legal 
action also blames “bad management” by suc- 
cessive CSIC governing bodies. (The CSIC 
presidency declined interview requests.) 

Lora-Tamayo issued a directive on 2 July 
ordering CSIC directors and managers to 
slow down spending. 
Institutes were asked 
to prioritize salaries for 
staff members on short- 
term contracts and to 
finish research proj- 
ects if not completing 
them by the end of the 
year would mean hav- 
ing to return funds. But 
for some institutes, the 
available money doesn’t 
come close to even pay- 
ing for short-term con- 
tracts, says Luis Sanz- 
Menéndez, director of 
the CSIC Institute of 
Public Goods and Poli- 
cies in Madrid. As a 
result, researchers are 
barred from spending 
money and projects are grinding toa halt. “We 
can’t pay ... laboratory expenses, bills for 
equipment that we have bought. ... We can’t 
buy plane tickets” to go to meetings, says 
plant ecologist Fernando Valladares of the 
CSIC National Museum of Natural Sciences 
in Madrid. 

Lora-Tamayo has also revealed that for 
years, CSIC has been using savings that 
research groups accumulated from past 
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Seeing red. Since 2009, big deficits have depleted 
CSIC’s reserves. 


competitive grants and industry contracts, 
without researchers’ knowledge. Group 
leaders have traditionally used these stashes 
as emergency funds, to hire extra pairs of 
hands or bridge the gap between two con- 
tracts. Lora-Tamayo has said that CSIC 
intends to return the money “once the 
agency has been successfully stabilized.” 


Mad in Madrid. Spanish researchers demonstrated against cuts in the science 
budget on 14 June. Their banner reads: “There is no future without science.” 


A petition launched on 10 July that 
drew 69,000 signatures in just 5 days urges 
Spain’s state secretary for research Carmen 
Vela to “do whatever needs to be done so 
the CSIC doesn’t die.” Vela said last 
week that she would give CSIC an extra 
€50 million by September and find other 
solutions, if necessary. But Spain’s fiscal sit- 
uation is so dire that many researchers worry 
the money won’t come. The prospect of 
losing the savings permanently is “spine- 
chilling,” says Valladares, who says he’s 
“still a little bit in a state of shock.” 

CSIC’s woes aren’t the only headache 
for Spanish science. The current govern- 
ment has slashed the national science bud- 
get, delayed competitive funding rounds, 
and failed to honor past commitments, caus- 
ing “absolute bewilderment,” says a 15 July 
statement by the Confederation of Spanish 
Scientific Societies, the Conference of 
Rectors of Spanish Universities, trade 
unions, and other associations. The entire 
scientific enterprise is affected, the letter 
says: “This strangulation of R&D is under- 
mining a public research system that took 
more than 30 years to build.” 

ELISABETH PAIN 
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MICROBIOLOGY 


Ever-Bigger Viruses Shake Tree of Life 


“It’s like finding a sasquatch,” says Elodie 
Ghedin, a virologist at the University of 
Pittsburgh in Pennsylvania. That’s one of the 
amazed reactions to the discovery, reported 
on page 281, of two new viruses with by 
far the largest genomes ever seen in a virus, 
including one that’s bigger than the genomes 
of some parasitic eukaryotes. The virolo- 
gists in France who unearthed the massive 
viruses—the biggest one is | micron long, 
a hundred times the size of many viruses— 
suggest that their finds challenge the long- 
standing view that viruses don’t qualify as life. 


a cell and coax their host to replicate them, 
because they can’t make their own proteins. 

A decade ago, the discovery in an amoeba 
of a virus that rivals the size of a small 
bacterium prompted a rethinking of how 
viruses originated and what they could do. 
Didier Raoult, a microbiologist at the Uni- 
versity of the Mediterranean in Marseille; 
Claverie; and their colleagues sequenced 
the genome of mimivirus, for “microbe 
mimicking virus.” Its 1.18 million bases 
contained more than 900 putative genes, 
some closely resembling genes in non- 


as mimivirus, plus a few more, and seems 
to represent an intermediate step between a 
free-living ancestor and mimivirus 

Now, scans of the water and sediment 
samples that Claverie, Abergel, and other 
lab members gather whenever they travel 
have yielded the pandoraviruses. (The 
researchers inoculate amoeba with the sam- 
ples to see if any viruses replicate and burst 
out). The one with the smaller genome came 
from mud in an Australian pond, while the 
new king of the viral genomes was in coasta 
sediments collected off Chile. “The fact that 
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“Tt is clear that the paradigm that viruses 
have small genomes and are relatively sim- 
ple in comparison to cellular life has been 
overturned,” says Curtis Suttle, a virologist 
at the University of British Columbia in Van- 
couver. The genome of one of the viruses 
is 1.91 million DNA bases long, while the 
other runs 2.47 million bases. That dwarfs 
some bacterial genomes and edges into the 
eukaryotic realm (see chart). 

Jean-Michel Claverie and Chantal 
Abergel from CNRS, the French national 
research agency, at Aix-Marseille University 
in France, and their colleagues have dubbed 
the new viruses pandoraviruses because of 
their amphora shape and the surprises they 
may portend. They have strikingly different 
genes and physical appearances from other 
viruses. The finding “expands our view of 
the virus world,’ Ghedin says. 

After their late 19th century discovery, 
viruses were quickly demoted to inert parti- 
cles, too simple to belong to the realm of the 
living. Considered little more than a protein 
package of genetic material with no meta- 
bolic capabilities, viruses must get inside 
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viruses thatare involved in protein production 
(Science 28 March 2003, p. 2033; 
19 November 2004, p. 1344). 

Mimivirus could have acquired those 
genes from its cellular hosts, but the mimi- 
virus genes are so different from those of the 
host amoeba and other cells that Raoult and 
Claverie instead proposed that mimivirus 
descended from a free-living cell that gradu- 
ally lost most of its other genes as it became a 
parasite. That mimivirus precursor, they sug- 
gested, represented a previously unknown 
branch of life, one predating the emergence 
of the three major branches, or domains, of 
life—bacteria, archaea, and eukaryotes. 

This theory remains controversial, but it 
has motivated Claverie to keep hunting for 
viral giants. “According to this scenario, 
looking for even bigger viruses with bigger 
genomes was a way to go back in time, to 
take a closer, earlier look at this postulated 
ancestor,” he says. He and other researchers 
have since come across several other giant 
viruses, including Megavirus chilensis, at 
1.25 million bases the previous viral genome 
record-holder. It has many of the same genes 


12 14 16 


two of them were found almost simultane- 
ously from very distant locations either indi- 
cates we were incredibly lucky or that they 
are not rare,” Claverie says. “They are prob- 
ably everywhere.” 

Because of their size, the pandoraviruses 
appeared bacterialike at first. But using light 
and electron microscopy, the French group 
followed the newfound entities through a 
replication cycle, which proved viruslike. 
Instead of dividing in two like a typical bac- 
terium or cell, they generated hundreds or 
more new viral particles, Claverie’s team 
reports. Both pandoraviruses lack genes for 
energy production and can’t actually produce 
a protein on their own, fulfilling the defini- 
tion of virus. “The authors seem to have gone 
the proverbial extra mile to show that these 
agents are actually viruses rather than some 
sort of unusual bacteria,” says Eugene Koo- 
nin, a computational evolutionary biologist 
at the National Center for Biotechnology 
Information in Bethesda, Maryland. 

But unlike other viruses, the pandora- 
viruses lack the gene for the capsid pro- 
tein that typically forms a capsule around a 
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virus’s genes and are missing some 
key genes found in all other giant 
viruses and their relatives, including 
ones for replication. “They seem to 
be a new family unto themselves,” 
Ghedin says. 

Indeed, most of the pandoravirus 
genes don’t look like any in known 
databases. “The lack of similar- 
ity might be an indication that they 
originated from a totally different 
primitive cellular lineage than bacte- 
ria, archaea, and eukarya,” Claverie 
says. Add in other giant viruses, he 
says, and “these viruses might indi- 
cate that not only a fourth domain 
existed but also a fifth, a sixth, etc.” Raoult 
goes so far as to suggest lumping all com- 
plex microbes—the various giant viruses 


A class of their own. Pandoraviruses have a much bigger genome, 
an atypical shape, and different genes from megaviruses (inset), the 
next largest viruses known to date. 


plus archaea, bacteria, and microbial 
eukaryotes—into a new grouping he would 
call TRUC, an acronym for Things Resist- 


ing Uncomplete 
Classification— 
and the French 
word for stuff. 
It’s too soon 
to redraw the tree 
of life, several 
researchers cau- 
tion. But some 
revision is already 
warranted, Suttle 
argues. “What the discovery of pan- 
doraviruses and mimiviruses makes 
increasingly clear is that the ‘domains’ 
of life is an archaic concept that does 
nothing other than keep viruses from 
their rightful place at the table where the 
story of the evolution of life is told.” 
ELIZABETH PENNISI 


FUNDING 


Germany Debates How to Strengthen Universities 


BERLIN—Germany’s recent push to boost a 
handful of its universities to the world’s top 
ranks got a yellow light this week. A promi- 
nent advisory council recommended taking a 
break from the national competition to find, 
and fund, Germany’s top schools. Funding 
should focus on strengthening a broad base of 
research—and teaching—at the country’s uni- 
versities, according to a 15 July report from 
the German Council of Science and Humani- 
ties (Wissenschafisrat). 

A relatively robust economy has allowed 
the government to increase funding for the 
country’s major nonuniversity research orga- 
nizations by 5% per year since 2011. But 
many university-based scientists see little 
of the money because the constitution pro- 
hibits the federal government from funding 
universities directly. A pair of agreements 
between the federal and state governments 
# did pump billions of euros into universi- 
= ties through a “Higher Education Pact” that 
funds the growing number of students and 
an “Excellence Initiative” to support univer- 
sity research and encourage a few schools to 
strive for the world’s top ranks. But not all 
universities have thrived. 

In Germany, education is controlled by 
the Lander (states). Many state budgets 
2 have not been generous to research so uni- 
5 versity-based researchers have become 
increasingly dependent on grant-based 
funding, particularly from the German 
2 Research Foundation (DFG). “The basic 
E funding for the universities is eroding,” says 
5 DFG President Peter Strohschneider. 
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Change is coming because the budget- 
boosting agreements end between 2015 and 
2019, and national elections in September 
will decide who gets to set the policies that 
will take their place. Funding bodies and 
organizations of research institutes have in 
recent months offered varying views of how 
the system should be changed. But they all 
share one thing: “We all agree that the fund- 
ing for universities has to be increased,” says 
Peter Gruss, president of the Max Planck 
Society, which funds institutes independent 
of universities. 

On 9 July, the Max Planck Society pro- 
posed establishing a system of Max Planck 
Professors and Max Planck Centers at uni- 
versities neighboring its institutes. The Helm- 
holtz Association, which runs Germany’s large 
research centers such as the DESY accelera- 
tor lab in Hamburg and the German Cancer 


wo 
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Under pressure. German universities haven't all benefited 


from government funding largess. 


Research Center in Heidelberg, floated a con- 
troversial idea late last year for starting its own 
granting program that would fund cooperative 
projects with universities. 

This week’s report from the Wissen- 
schaftsrat, which includes scientists and poli- 
ticians, was the most eagerly awaited. An ear- 
lier, rejected draft reportedly said that Ger- 
many should strive for up to five world-class 
universities, The final version, in contrast, 
takes a more egalitarian approach, saying 
that universities are the core of the research 
system. It proposes two new funding mecha- 
nisms to support top research at a broad spec- 
trum of schools: establishing Merian profes- 
sorships, named for 17th century naturalist 
and illustrator Maria Sibylla Merian, which 
would provide €1 million per year to each of 
250 leading academics; and setting up roughly 
40 Liebig Centers (named for chemist Justus 
von Liebig), to boost key research 
areas. The competition for top schools 
could be revisited in 10 to 15 years, the 
report says. 

Council Chair Wolfgang Mar- 
quardt says that the recommendations 
are affordable if Germany takes seri- 
ously the goal of spending 3.5% of 
gross domestic product on research 
and development. But others are more 
cautious. “There’s still a huge gap 
between these proposals and the reali- 
ties faced by politicians,” says Wil- 
helm Krull, secretary general of the 
Volkswagen Foundation, a private 
research funder. -GRETCHEN VOGEL 
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SPACE SCIENCE 


Mars Rover Plans Roll While 
Asteroid Acrimony Continues 


NASA officials are getting some contrasting 
messages about two of their boldest projects. 
An agency science panel last week gave a 
strong endorsement to sending a more capa- 
ble robotic rover to Mars in 2020 that could 
cache samples for a later mission to pick up 
and return to Earth. But researchers and key 
members of Congress continued to raise 
serious doubts about the agency’s proposal 
to capture a small asteroid and then land an 
astronaut on it. 
The rover proposal, unveiled on 9 July by 
a NASA-appointed panel, buoyed the spir- 
its of Mars scientists in the United States, 
who have been worried about NASA’s com- 
mitment to exploring the Red Planet since it 
pulled out of a European-led effort in 2012 
(Science, 24 February 2012, p. 900). The 
panel, led by planetary scientist John Mus- 
tard of Brown University, says that a 2020 
rover should look a lot like Curiosity, the 
NASA robot now surveying Mars. But it 
would have a host of new capabilities. In 
addition to Curiosity-style instruments that 
take broad pictures of sites, for instance, it 
would also carry sensors that can make more 
detailed images of rocks and geological fea- 
tures. Other instruments would allow fine- 
scale mineralogy studies, especially of rocks 
« through which water might have flowed in 
z the past, and chemically detect and analyze 
5 organic carbon (a possible sign of life). 
The biggest add-on, however, would be 
he capability to drill into rock sites chosen 
during the exploration and insert the cores 
into a container on the rover. Later missions 
would haul the container home. By analyz- 
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ing the samples in more capable laborato- 
ries on Earth, researchers should be able to 
address “an enormous number of science 
questions,” Mustard says, including whether 
life ever existed on an earlier, damper Mars 
and how it evolved. 

Although planetary scientists ranked Mars 
sample caching and return as a top priority in 
a 2010 decadal plan, the idea isn’t devoid of 
controversy. Some scientists have argued that 
the time a rover spends caching rocks could 
be better spent collecting real-time data that 
could be beamed back to Earth. And some 
White House budget officials have been resis- 
tant to caching on the grounds that it would 
force NASA to commit to flying additional 
missions to retrieve the samples. 

Ed Weiler, the former head of NASA 
science, hopes that the panel’s unambigu- 
ous support for caching will end the debate. 
“The cache will last on Mars for many 
years,” he says. “You can plan a sample 
return mission when money becomes avail- 
able.” There was “unanimous enthusiasm” 
for caching among the panelists, Mustard 
adds. “We said—Go big or go home. Are we 
going to do this or not?” 

The caching capability will make it 
harder to estimate the rover’s final cost, how- 
ever, the panel says. NASA hopes to build 
it for less than $1.5 billion, about $1 billion 
less than Curiosity. It’s not yet clear whether 
the White House and Congress will back that 
kind of spending, but NASA officials seem 
optimistic. Jim Green, head of NASA’s plan- 
etary sciences division, said that the agency 
will soon take another step toward making 
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Curiosity 2.0. A blueprint for a more capable Mars 
rover includes instruments to enable the caching of 
samples (above). 


the rover a reality by issuing a call for pro- 
posals to design the science instruments. 

The growing consensus around the Mars 
rover stands in stark contrast to the continu- 
ing acrimony surrounding NASA’s asteroid 
capture plan. At a workshop held at the U.S. 
National Academies in Washington, D.C., on 
the same day that NASA released the rover 
blueprint, engineers and scientists questioned 
the fundamentals of the proposed Asteroid 
Retrieval Mission, which would involve iden- 
tifying, capturing, and dragging a 500-tonne 
asteroid into lunar orbit and then sending 
astronauts to sample it in the early 2020s. 

Organized by an independent group of 
planetary scientists, the meeting included pre- 
sentations from NASA scientists and engi- 
neers. Many attendees, however, were not 
persuaded by the agency’s explanation of the 
project’s technical details or relatively short 
timeline, which calls for launching the cap- 
ture spacecraft by 2018. A fatal flaw, accord- 
ing to some, is the difficulty of identifying an 
asteroid of suitable size. Another problem, 
according to engineers, is that NASA will not 
know how to design the equipment needed to 
capture the asteroid until it has determined 
the mass, spin, shape, and other characteris- 
tics of the object—which it won’t be able to 
do without first getting close to it. The agency 
needs to take a deep breath and slow down, or 
risk technical delays and cost overruns, said 
Gentry Lee, chief engineer for solar system 
exploration at NASA’s Jet Propulsion Labora- 
tory in Pasadena, California. 

Republicans in the U.S. House of Rep- 
resentatives are also sending that message. 
The House science committee this week is 
expected to approve a NASA authorization 
bill that would stop the agency from pursuing 
asteroid capture without further study. The 
Obama administration “has not been able 
to adequately justify the rationale or budget 
for such a mission,” which could cost more 
than $2 billion, panel chair Lamar Smith 
(R-TX) argued in The Hill newspaper on 
9 July. The Senate has yet to offer its views 
on the mission. -YUDHIJIT BHATTACHARJEE 
With reporting by Richard Kerr. 
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Battle for the 
Americas 


The formation of the Isthmus of Panama allowed the fauna of two continents 
to mingle, transforming biogeography. A radical new hypothesis holds that 
the land bridge formed millions of years earlier than scientists thought 


Panama, 3 million years ago. A narrow strip 
of land bridging the Americas turns into 
a migratory highway. Heading north is an 
assemblage of creatures isolated for tens of 
millions of years: porcupines and armadillos; 
the elephant-sized ground sloth Megathe- 
rium; opossums and other marsupials; and 
bizarre life forms like the terror bird, a flight- 
less carnivore that reached 3 meters in height 
and sprinted like a cheetah. Beating a south- 
ward path are more familiar animals, includ- 
ing horses, cougars, and saber-toothed cats. 
Alfred Russel Wallace, the father of bio- 
geography, recognized the faunal melting 
pot created when the tip of Central America 
collided with South America and forged the 
Isthmus of Panama, and in 1876 he postu- 
lated what is now called the Great American 
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Biotic Interchange. The story has a dark end- 
ing: South American fauna compete poorly at 
home and away, and many species go extinct. 

More intriguing is how the battle for the 
Americas got started. Decades ago the fos- 
sil record showed, indisputably, 
that intercontinental migrations 
exploded between 3 million to 
2.5 million years ago—evidence = 
to most scientists that the isth- S 
mus had just formed by then. 
Other studies have bolstered 
the idea, although it grew more 
nuanced as evidence accumulated of “her- 
ald” species moving from one continent to 
the other millions of years earlier. That led 
some to suggest that fragmentary marshes 
allowed some species to cross the gap early, 
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followed by others on a sturdy land bridge 
that formed 4 million to 3 million years ago. 

A radical new model envisions a much 
earlier bridge, however. After dating the 
uplift of land masses born of volcanism in 
Central America and analyzing the geo- 
chemistry and magnetic alignment of rocks 
in the region, Camilo Montes of the Uni- 
versity of the Andes in Bogota; Carlos 
Jaramillo of the Smithsonian Tropical 
Research Institute (STRI) in Balboa, Pan- 
ama; and colleagues argue that the land 
bridge was largely formed as early as 15 mil- 
lion years ago, with the last deep-water con- 
nection between the oceans closing at most 
5 million years later. By then, “most of the 
modern landscape was already 
uplifted,” Jaramillo says, although 
shallow links between the oceans 
persisted until full closure 4.2 mil- 
lion to 3.5 million years ago. The 
new model had its coming-out 
party at a feisty symposium at the 
annual meeting of the Geological 
Society of America last November. Their 
scenario poses a number of conundrums, 
not least of which is why it took so long— 
several million years—for the Great Ameri- 
can Biotic Interchange to gain momentum. 
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Intercontinental interloper. The elephant-sized 
ground sloth Megatherium made it as far north 
as Texas. 


“Why did that vast diversity of land mam- 
mals stay penned up in their respective con- 
tinents if there was a bridge to cross?” asks 
Jeremy Jackson, a STRI ecologist and pale- 
ontologist and former director of the Center 
for Marine Biodiversity and Conservation at 
the Scripps Institution of Oceanography in 
San Diego, California. 

The timing of isthmus formation 
matters, Jackson says. “The join- 
ing of the continents and severing of 
ocean contacts stands as one of the 
most important and best documented 
events in earth system evolution,” 
he says. The new model, if correct, 
would force scientists to reinterpret 
dozens of studies—a prospect that 
delights Jaramillo. “We’re unravel- 
ing the whole story,” he says. 

The debate is heating up. In 
April, geologists Anthony Coates 
of STRI and Robert Stallard of the 
U.S. Geological Survey in Boul- 
der published a report online in the 
Bulletin of Marine Science (BMS) 
defending the standard model of late 
closure and offering an analogy for 
the late stages of closure: the Indo- 
nesian archipelago, where a narrow 
but deep strait between the islands of 
Bali and Lombok— identified in the 
19th century by Wallace—is mostly 
impassable to animals moving south 
from mainland Asia. And two more 
papers in press marshal data from 
disparate disciplines supporting late 
closure, while acknowledging that 
the prelude to closure could have 
been messier—and more interesting 
—than thought. 


Oceans of evidence 

While the first clues to a late clo- 
sure of the isthmus came from fos- 
sils, the oceans on either side of the 
isthmus yielded more compelling 
evidence. In 1982, Lloyd Keigwin 
of the Woods Hole Oceanographic Institu- 
tion published a seminal paper in Science 
comparing oxygen isotopes in the shells of 
bottom-dwelling foraminifera recovered 
from deep-sea drilling in the western Carib- 
bean and the eastern Pacific. Keigwin found 
that oxygen isotopes on either side of Pan- 
ama began to diverge about 4 million years 
ago, suggesting that the Caribbean’s salin- 
ity increased around that time—“possibly 
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in response to shoaling of the Panama isth- 
mus,” he wrote. Combined with changes in 
carbon-13 enrichment, the oxygen isotope 
data suggested that modern ocean circu- 
lation patterns in the Caribbean and east- 
ern Pacific developed about 3 million years 
ago. “It’s a brilliant paper,” Coates says. He 
credits Keigwin for “launching the standard 
model of isthmus closure.” 

Over the next quarter century, a string 
of paleoceanographic studies have sup- 
ported the standard model. For example, 


Across the divide. Jeremy Jackson (top) says paleocean data are proof 
positive that a deep-water barrier between North and South America 
lasted until at least 4 million years ago. Geological data suggest the 
barrier vanished much earlier, says Carlos Jaramillo. 


researchers found that carbonate began to 
pile up in the Caribbean sea floor from about 
4.6 million years ago, pointing to more slug- 
gish deep-ocean circulation. Then, about 
3.5 million years ago, new kinds of carbon- 
ate-loving foraminifera and corals appear in 
the Caribbean’s fossil record, and molecular 
genetics data also back rapid diversification 
around this time. “It’s a classic Darwinian 
evolutionary experiment,’ Coates says. 


Another consequence of isthmus closure 
in the Caribbean was the collapse of upwell- 
ing, in which deeper, colder waters rise to 
the surface, bringing nutrients to shallower 
waters. Proxies of this collapse include local 
extinctions—seafloor organisms “with- 
ered on the vine,” Coates says—and a shift 
in the Caribbean from fast-growing oysters 
to slower-growing species about 3.5 million 
years ago. 

The bottom line, Jackson says, is that 
until 4 million years or so ago, deep-ocean 
indicators in the Caribbean looked 
like those in the Eastern Pacific. 
“The ocean core data are the killer of 
the new hypothesis,” he says. “How 
could the two oceans have been so 
well mixed geochemically if there 
were a land barrier in between?” 


Putting the s in isthmus 
Jaramillo and Montes’s journey into 
tectonic heresy began with a $1 mil- 
lion grant from the Panama Canal 
Authority that Jaramillo landed to 
conduct geological studies along 
banks of the Panama Canal slated 
for obliteration to widen the water- 
way. “He started a fantastic project,” 
Coates says. A companion effort 
in rescue paleontology has netted 
thousands of specimens, including 
10 species new to science (see side- 
bar, p. 232). 

As part of the projects, Montes 
and Jaramillo used radioisotope, 
geochemical, and paleomagnetic 
analyses to date rocks and discern 
relationships between rock forma- 
tions. They wanted more accurate 
timelines for recovered fossils, and 
they hoped that these would lead to a 
better understanding of how the link 
between the continents was forged. 
“When we started our study, we 
didn’t have any problem with 3 mil- 
lion years” as the date of isthmus for- 
mation, Montes says. 

The gold standard for dating rock 
formations is a technique that relies 
on the radioactive decay of ura- 
nium-235 and uranium-238. The mineral zir- 
con is chock full of these isotopes and their 
lead and thorium decay products. By mea- 
suring the proportions of these isotopes in a 
zircon crystal, researchers can determine the 
time since the crystal and surrounding rock 
hardened and cooled, as well as the exhuma- 
tion, or exposure, of rock from tectonic pro- 
cesses. The team recovered zircon crystals, 
formed during the cooling of magma, from 
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Salvage Paleontology on the Seaway 


PARAISO, PANAMA—On an embankment hewn from the jungle dur- 
ing the construction of the Panama Canal a century ago, Jason Bourque 
sits hunched over a 19-million-year-old turtle. Under a broiling mid- 
day sun, Bourque spends a half hour patiently brushing away grit from 
a fractured black carapace the size of a dinner plate before covering it 
ina plaster bandage for removal. By the time he’s finished, a dozen or 
so container ships, oil tankers, and other vessels steam past along the 
77-kilometer-long seaway. 

Bourque, a preparator at the Flor- 
ida Museum of Natural History, is tak- 
ing advantage of a fossil windfall. As 
part of a $5.5 billion expansion of the 
canal that will move 152 million cubic 
meters of earth, the canal authority 
has opened up sections of the seaway 
to salvage paleontology: collecting 
fossils in newly exposed rock faces. 
“It's a once-in-century opportunity,” 
says Bruce MacFadden, curator of ver- 
tebrate paleontology at the museum, 
run by the University of Florida in 
Gainesville, and director of the Pan- 
ama Canal Project. 

The project’s geological stud- 
ies have provided grist for a radical 
hypothesis that the Isthmus of Pan- 
ama formed a land bridge several 
million years earlier than thought (see main story, p. 230). Its fossil 
finds are also revelatory: a menagerie of miniature horses and cam- 
els, gopherlike rodents, peccaries, and caimans, as well as weird crea- 
tures such as the giant bear-dog and the hippolike anthracothere. The 
assemblage recovered so far from the prehistoric rainforest suggests 
that the volcanic arc from which the isthmus formed was a “species 


Race against time. Ongoing expansion of the Panama Canal has 
yielded a treasure trove of fossils. Jason Bourque (background) exca- 
vates a 19-million-year-old turtle. 


pump,” MacFadden says, spawning new life forms that spread through 
North America. 

The canal’s construction in the early 20th century revealed a fossil 
trove, which scientists secured piecemeal over the years. The expansion 
is opening up whole new exposures. That's especially exciting because 
throughout the isthmus, lush forest has made it difficult for identify rich 
fossil sites, says Aaron Wood, a postdoc at the Florida Museum of Natu- 
ral History. With the canal expansion slated for completion as early as 
next year, the window of opportunity for paleontologists is closing fast. 

Racing to gather up as many 
fossils as they can, MacFadden’s 
crew over 4 years has hauled in more 
than 3000 specimens, among them 
10 new species. A top fossil hunter on 
the team is Aldo Rincon, a Ph.D. stu- 
dent at the University of Florida, lead 
author on a report published in the 
Journal of Vertebrate Paleontology 
last March describing a new species of 
anthracothere. Rincon’s favorite spec- 
imen, he says, is the fragile jawbone 
and teeth of a bat that he unearthed 
from the Cucaracha Formation, in the 
shadow of the Centennial Bridge, last 
year. “I rolled down the hill, | was so 
excited,” he says. 

The bat, descended from a South 
American species, is a rare example of 
a nonswimmer to have traversed the 
deep-water gap that separated Colombia and Panama about 19 mil- 
lion years ago. (Crocodiles, turtles, and snakes crossed much earlier.) 
Aview of life in this ancient cradle of biodiversity is coming into sharper 
focus. The Panama Canal, says Andrés Cardenas, a postdoc at the 
Smithsonian Tropical Research Institute in Balboa, Panama, “has every- 
thing you need to tell the story.” -R.S. 


the Azuero Peninsula west of the Panama 
Canal and from the San Blas mountains, a 
range to the east that extends into Colom- 
bia. The zircons revealed that a volcanic arc 
began forming about 70 million years ago 
in the gap between the two continents, with 
major exhumation events lifting up blocks of 
the arc about 47 million, 25 million, and 11 
million years ago. By measuring the direction 
of the ancient magnetic fields frozen into the 
volcanic rocks, the researchers were able to 
reconstruct how tectonic forces had shifted 
and deformed the are. 

Piecing together the evidence, the 
researchers, with geologist David Farris of 
Florida State University in Tallahassee, pro- 
posed that the collision between South Amer- 
ica’s northern Andean blocks and the Central 
American volcanic are began about 25 mil- 
lion years ago. Panama’s *S’ shape, Montes 
points out, betrays the tremendous strain that 
the arc underwent. Around that time, the arc 
melded with the rest of Central America to 
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form a peninsula, allowing North American 
fauna to colonize it, as fossils found among 
the remnants of the arc testify. By then, pos- 
sibly the final barrier to intercontinental 
movement was a deep-water gap between 
the peninsula and the coast of modern-day 
Colombia as it subducted under the arc. 

“Tt’s terrific work,” Jackson says about the 
scenario, which Montes and Jaramillo pub- 
lished in the Geological Society of America 


Bulletin in January 2012 and in the Journal of 


Geophysical Research: Solid Earth that April. 
But he and others reject the headline-grabbing 
conclusion that Montes and Jaramillo arrived 
at: that by 10 million years ago, the geological 
shape-shifting they meticulously documented 
had squeezed away the last deep-sea connec- 
tion between the oceans. 


Wallace would be proud 

Coates himself accepts Montes and 
Jaramillo’s account of the first stages of isth- 
mus closure. “Our geological reconstructions 
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are stunningly similar,” says Coates, referring 
to a pair of studies in the Geological Society of 
America Bulletin in 2003 and 2004. However, 
he argues, “There’s no way you can tell from 
their data whether parts of the arc were still 
submerged” in the final stages of filling in. 
And the spatial resolution of their data is not 
fine enough, he says, to rule out deep-water 
gaps in the are. 

Coates and Stallard think that Indonesia 
may offer a modern-day analog of pre- 
isthmus Panama. Over millennia, Asian spe- 
cies have readily hopped or drifted between 
islands in the Sunda region, west of Bali. 
There, the migration mostly stopped at Bali. 
Lombok, the next major island to the east, is 
only 35 kilometers away, but the strait is sev- 
eral hundred meters deep and has an espe- 
cially swift current, thwarting purposeful or 
accidental migration and forming a species 
barrier—Wallace’s Line. Several hundred 
kilometers to the east is a similar species bar- 
rier: Lydekker’s Line, the edge of the world for 
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marsupials and other creatures from the Sahul 
region, encompassing Australia and New 
Guinea. In between the Wallace and Lydekker 
lines is a collection of islands stretching from 
Borneo to New Guinea that biogeographers 
refer to as Wallacea for its unique faunal 
assemblage. 

Coates and Stallard propose that deep- 
water gaps in the present-day Panama Canal 
Basin and between the volcanic are and South 
America were equivalent to the Wallace and 
Lydekker lines. They argue that even as the 
isthmus was filling in, the path of migration 
was interrupted for 10 million years or more. 

“Essentially, South America is a 
few million years ahead of Austra- 
lia,’ in that Indonesia’s volcanic arc 
and Australia should eventually form 
a contiguous land mass, says Coates, 
whose report with Stallard appeared 
online in BMS on 4 April. “It’s a very 
elegant analog,” says STRI paleobi- 
ologist Aaron O’Dea. 

O’Dea and others who adhere to 
the late-formation thesis have also 
taken up the gantlet. In a paper in 
press at BMS, Jackson and O’Dea 
comprehensively review studies on 
the paleocean environment, disper- 
sal of terrestrial and marine crea- 
tures, and molecular phylogeny of 
sea life, all pointing, they say, to clo- 
sure of the isthmus about 3 million 
years ago. 

One especially compelling find, 
presented at the geology meeting 
last November, is shark teeth and 
fish fossils such as otoliths recovered 
from 6-million-year-old sediments 
in the Chagres Formation in the Pan- 
ama Canal Basin. The otoliths, or ear 
bones, are from marlins and bluefish: 
species that generally don’t ply shal- 
low waters. STRI’s Carlos De Gracia 
and colleagues argue that the fossil 
assemblage points to waters between 
100 and 700 meters deep. Coates 
calls the Chagres fossils a “smoking 
gun” for the existence of a deep-sea 
gap millions of years later than the 
closure envisioned by Jaramillo and 
Montes. 

Yet, other pieces of the puzzle don’t fit the 
late closure thesis. Most troubling are the so- 
called herald animals. Biogeographers have 
long recognized that the Great American 
Biotic Interchange was never a stampede, as if 
a drawbridge were lowered over a moat. About 
9 million years ago, well before the surge of 
migrations, two sloth species descended from 
South American ancestors appear in Flor- 
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ida and Texas. One gave rise to Megalonyx, 
a 1-ton sloth named by Thomas Jefferson, a 
fossil buff, who mistook a claw of the beast 
for that of a gigantic meat-eater. (Sloths are 
vegetarians.) The first emigrant from North 
America appears to have been the raccoon- 
like carnivore Cyonasua, fossils of which 
show up in Argentina 7.3 million years ago. 
Terror birds stormed Texas 5 million years 
ago, with giant armadillolike pampatheriids 
hot on their heels. 

Scientists have generally chalked up these 
early migrations to island-hopping or rafting. 
Modern sloths and raccoons are good swim- 
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Elegant analog? According to the standard model of isthmus formation 
(top), final closure occurred well after 6 million years ago. Deep-water 
gaps between the Panama Canal Basin and South America may have been 
equivalent to Wallace’s Line and Lydekker’s Line in present-day Indonesia. 


mers, Jackson notes, while globally, the annals 
of biogeography are replete with accounts of 
accidental émigrés borne to distant lands on 
clumps of vegetation. 

But some scientists find that explanation 
hard to swallow. And then there is the case of 
the stingless bees. 

About 22 million years ago, ancestors 
of these honey bees, which were cultivated 
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by the Maya in Central America, arose in 
the Amazon; they reached Central Amer- 
ica only after the isthmus formed. In 2011, 
STRI ecologist David Roubik, a specialist 
on bees, discovered two new, closely related 
stingless bee species: one in Colombia and 
one on Coiba Island, off the Pacific coast of 
Panama. The forest-dwelling bees are not 
accomplished fliers. “They can’t establish a 
new nest across more than a short stretch of 
open water,” Roubik says. It’s possible that 
rafts carried nests to Coiba, he says. But to 
Roubik, a simpler explanation is that a land 
bridge well before 3 million years ago paved 
the way for the bees. “My opinion is 
that there was something akin to a 
little isthmus around 6 to 12 million 
years ago,” he says, before portions 
of the volcanic arc were submerged 
again, only to reemerge about 
3 million years ago. 

That concept could be gaining 
traction. Most scientists accept that 
present-day Panama rose from the sea 
over millions of years as the volcanic 
are and South America collided. Ina 
paper in press at Biological Reviews, 
O’Dea; STRI ecologist Egbert 
Leigh; and Geerat Vermeij of the 
University of California, Davis, pro- 
pose that about 10 million years ago, 
the shoaling resulted in a land bridge 
that was “briefly near-complete.” 
That would explain how key her- 
ald species, such as the sloths up 
north and the Cyonasua down south, 
pioneered new terrain long before 
the Great American Biota Inter- 
change. By 7 million years ago, 
they propose, deep-water gaps in the 
emerging isthmus had disrupted the 
land bridge. “Multiple stages of isth- 
mus formation are not inconsistent 
with the biological evidence,” Far- 
ris says. 

That explanation may satisfy 
some researchers, but at STRI, 
where many of the debate’s antago- 
nists are either based or spend time 
for research, the sparring continues. 
“T’'ll see Carlos in the hall, and flash 
him three fingers. He flashes back 
15,” says Coates, who calls Jaramillo “a very 
fine scientist” and says that their interactions 
“are always polite. This is the way science is 
supposed to be.” 

Good manners can’t disguise the rift, 
however. “Both sides,” Montes says, “have 
entrenched positions.” For opponents in the 
debate, that means, for now, no closure. 

-RICHARD STONE 
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The Amazon in 4D 


An interdisciplinary team is linking data from field research in the Amazon into a 
comprehensive digital collection, aiming to map evolution in space and time 


NEW YORK CITY—In a chilly specimen stor- 
age room on the sixth floor of the American 
Museum of Natural History (AMNH), Joel 
Cracraft opens a cabinet and slides out two 
trays filled with delicate, palm-sized song- 
birds, inhabitants of the Amazon rainforest. 
One tray holds a jumble of red-headed 
manakins—eyeless, boneless, and stuffed 
with cotton. The other holds their close 
relative, golden-headed manakins. The two 
species seem to differ only in the color of 
the males’ crown feathers. But they are 
never found in the same place. Red-headed 
manakins live south of the Amazon River; 
golden-headed manakins live north of it. 

How that pattern arose is a mystery, says 
Cracraft, the museum’s curator of ornithol- 
ogy. Scientists don’t know what drove the 
birds to evolve different colored crowns. 
They don’t know when the two species began 
to diverge, or the precise age of the river that 
separates them—much less, when it became 
wide enough to deter birds from flying 
across. They don’t know just how these birds, 
and the plants and animals living alongside 
them, may have adapted to the Amazonian 
climate, or exactly how that climate may 
have changed over time. In short, scientists 
don’t know how the Amazon rainforest and 
its stunning biodiversity came to be. 

“It’s one of the great questions of all 
time,” says Thomas Lovejoy, biodiversity 
chair of the Heinz Center in Washington, 
D.C., and an ecologist who has worked in the 
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Amazon for more than 45 years. Now, doz- 
ens of scientists from Brazil and the United 
States have teamed up across disciplines to 
try to find an answer. Called Dimensions of 
Amazonian Biodiversity, their project aims 
to create a “four-dimensional evolutionary 
atlas” of the Amazon. By combining data 
from a variety of fields such as geology, 
evolutionary biology, DNA analysis, and 
climate modeling, the team plans to track 
the region’s biodiversity and environment 
through space and time to understand how 
they interacted and evolved. 


A volatile place 

For many years, biologists took the Ama- 
zon’s abundance of plant and animal species 
to mean that its rainforest was an old, stable 
ecosystem—a kind of ecological “museum” 
that has “had more time to accumulate more 
species,” says botanist Lucia Lohmann of 
the University of Sao Paulo in Brazil, who 
is, along with Cracraft, a principal investiga- 
tor for Dimensions. But geological evidence 
points to a much more volatile history for 
the region, according to Lohmann and her 
collaborators. From at least 17 million to 
11 million years ago, in the middle of an 
epoch known as the Miocene, the Amazon 
Basin was covered in an extensive system 
of wetlands that scientists refer to as Lake 
Pebas. At some point—exactly when is still 
disputed—the lake’s water began flowing 
east, eventually breaking through into the 
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Atlantic and forming the beginnings of what 
is now the Amazon River. 

As the wetlands drained and gave way to 
forest, the biodiversity that we see in today’s 
Amazon began to take shape, Lohmann says. 
New evidence garnered from DNA sequenc- 
ing and other evolutionary data point to an 
image of the region not as an environmental 
museum but as what Lohmann calls a biolog- 
ical “cradle” where large numbers of species 
have diversified fairly recently. As a result, 
says Alan Graham, a paleobotanist at the Mis- 
souri Botanical Garden in St. Louis, scientists 
now “need a whole new suite of explana- 
tory factors” to account for the region’s bio- 
diversity. Dimensions, launched in Septem- 
ber 2012 with a promise of $2 million over 
5 years from the U.S. government and an 
equivalent offer from the state of Sao Paulo in 
Brazil, aims to find them. 

To untangle the Amazon’s complicated 
history, scientists from many disciplines will 
need to work together, says Carina Hoorn, a 
geologist at the University of Amsterdam. 
Hoorn is involved in CLIM-AMAZON, a 
European-Brazilian collaboration begun in 
2011 that is gleaning data on the region’s cli- 
mate and environmental history from sedi- 
ments throughout the Amazon River Basin. 
It’s not enough to focus on a single critical 
field, such as geology or evolutionary biol- 
ogy, she says. “You really have to see it in an 
integrated, interdisciplinary way.” 

Cracraft’s manakins provide an example 
of how such a strategy might work. If you 
were studying Amazonian birds, he says, 
you might plot the location where each of 
AMNH’s manakins was collected and see 
a sharp north-south separation between the 
golden-headed and red-headed species. But 
only if you overlaid the data on a map of the 
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Uncharted. The origins of Amazonia’s stunning bio- 
diversity aren't well understood. 


region’s waterways would it be clear that the 
barrier separating them is the Amazon River, 
the formation of which may have isolated two 
groups that evolved into separate species. 
Knowing precisely how long ago the two 
manakins split off from their common ances- 
tor might give a good clue as to when the river 
became the major waterway that it is today. 
“This is one of the purposes of the grant, to 
try to tease apart that layered history of Ama- 
zonia and [its] biota in a way that can explain 
it all,” Cracraft says. “Or at least most of it.” 

The team plans to go through a similar 
mapping process with all the region’s birds, 
primates, and butterflies, as well as two fam- 
ilies of plants. “To start with, we just want 
to understand general patterns of 
diversity and see how those relate to 
environmental features,’ Lohmann 
explains. A project like this is “long 
overdue,” Lovejoy says. 


Finding hidden patterns 

Although museum specimens are 
at the heart of the Dimensions proj- 
ect, much of the information that 
they contain is not easily accessible 
because it’s not yet online. Improv- 
ing digital archives is one of the proj- 
ect’s main objectives. The team plans 
to create a comprehensive, freely 
available database, including details 
on when, where, and how specimens 
were acquired, which anyone will be 
able to use to analyze the region’s bio- 
diversity. “The key will be to make 
this information comparable so that 
we can combine stuff and analyze 
bigger data sets,” Cracraft says. If this suc- 
ceeds, “suddenly it will be possible to look at 
patterns and questions that have been hard to 
actually get at before,” predicts Lovejoy, who 
is not involved in the Dimensions project. 

In this first year of their grant, Dimensions 
researchers have been focusing on adding 
precise geographical coordinates to records 
of museum and herbarium specimens. Loca- 
tion is the common factor that runs through 
everything, from plants to birds to primates, 
and even “the paleo and geological data,” 
says Barbara Thiers, director of the New York 
Botanical Garden’s herbarium, which is con- 
tributing to the Dimensions project. “Col- 
lectors didn’t routinely record [latitude and 
longitude] information on the specimens” 
until handheld GPS devices came along, 
she says. So the Dimensions team is recon- 
structing coordinates as best they can, trying 
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to match up places mentioned in collectors’ 
original notes with the localities included in 
geographical directories called gazetteers, 
or by pulling out paper maps and retracing a 
collector's route. 

Some patterns line up, like the distribution 
of plants and their pollinators, 
while others diverge in curious 
ways. Amazonian birds, for exam- 
ple, tend not to fly across rivers, 
meaning that scientists often find 
strikingly different species on 
either side of a waterway. Many 
plant species, however, “seem 
to cross rivers without any prob- 
lems,” Lohmann says. So while 
the formation of rivers might be 
a driving force behind bird evolu- 
tion in the basin, researchers need 
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Mapping manakins. Dots represent related manakin species, includ- 
ing the golden-headed (red dots) and red-headed (green dots) species. 


to come up with other ideas about how popu- 
lations of plants might have become isolated 
and evolved into separate species. 

The atlas coordinates should reveal not 
just how species are distributed but also 
where collectors in the past focused their 
efforts. Most fieldwork in the Amazon has 
been done along major rivers or near cities. 
But collecting in just a few areas, no mat- 
ter how extensive, does not guarantee a rep- 
resentative sample of diversity—especially 
because Amazonian species tend to be very 
particular about where they live, even when 
barriers separating one area from another 
aren’t yet clear to scientists. “People have 
basically been looking at nice, cute things 
at eye-height ... things that were easy to get 
at,” says Alexandre Antonelli, an evolution- 
ary biologist at the University of Gothen- 
burg in Sweden. 
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This can skew conclusions and bias ongo- 
ing research, Lohmann agrees. “We often go 
back to the most collected areas as being the 
centers of diversity just because our data sets 
don’t allow a very fair comparison through- 
out the area,” she says. If the Dimensions 
atlas can reveal which 
places and species are 
already well studied, it 
could help scientists tar- 
get future fieldwork on 
undercollected areas. 

Coordinating such 
a sprawling, inter- 
disciplinary effort is not 
easy, and often requires 
getting “out of your com- 
fort zone,” Lohmann 
admits. As the Dimensions 
project progresses, it’s 
“essential” that research 
leaders “be very closely 
attuned to other special- 
ists, and especially those 
that have alternate view- 
points,” agrees Graham, 
who is not involved in the 
project. For example, the Dimensions 
and CLIM-AMAZON researchers 
disagree on some fundamental ques- 
tions about the region, particularly the 
age of the Amazon River. Hoorn says 
that she welcomes the discussions. 
“The better people work together, the 
better the results will be,” she says. 

Although Dimensions focuses 
on Amazonia’s history, it may help 
scientists and policymakers protect 
the increasingly at-risk ecosystem. 
The atlas, for example, may pinpoint 
areas where new species are likely 
to evolve. Preserving those hotspots of bio- 
diversity might give Amazonia’s inhabit- 
ants a leg up in the race to adapt to Earth’s 
changing climate, says George Gilchrist, the 
National Science Foundation (NSF) pro- 
gram director in charge of the Dimensions 
grant. “If we can’t keep the full diversity of 
species there, can we keep the evolutionary 
potential that generated [it]?” he wonders. 

Ultimately, scientists and NSF officials 
hope that Dimensions will serve as a model 
for interdisciplinary studies about the evo- 
lutionary history of all kinds of ecosystems. 
Cracraft, for one, seems to have already taken 
the Dimensions’ strategy to heart. Outside the 
room where the AMNH manakins are stored, 
he calls to a group of museum employees 
about to go bird watching in Central Park, 
“Tell me what you see and where!” 

-LIZZIE WADE 
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source code by journal reviewers would 
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tive fashion. Requiring that reviewers be 
able to evaluate not only the scientific merit 
of a manuscript but also parse, understand, 
and evaluate what can be thousands or tens 
of thousands of lines of source code written 
in one or more of a variety of programming 
languages is impractical. 

A more tenable solution for computer 
codes is postpublication peer review, where 
the release of source code is a requirement of 
publication (/) and interested and appropri- 
ately skilled members of the broader scien- 
tific community may download and evaluate 
the code at will. This would bring review of 
computer code in line with existing policies 
pertaining to data and materials availability 
already in place at most journals. 

Increased dependence on postpublica- 
tion review will require strengthening proce- 
dures and facilities for reporting corrections 
and retractions of published research articles, 
a course of action long advocated by those 
concerned over increasing rates of retraction, 
especially in the biomedical sciences (2). 

PIOTR SLIZ* AND ANDREW MORIN 
BCMP, Harvard Medical School, Boston, MA 02115, USA. 
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Response 
SLIZ AND MORAN QUESTION THE FEASIBILITY 
of our recommendation to both peer-review 
computer code and release it, and they prof- 
fer an alternative: postpublication commu- 
nity review and stronger procedures and 
facilities for dealing with corrections and 
retractions of published results. These are 
not incompatible. Encouraging the broader 
scientific community to inspect computer 
code postpublication would help in identi- 
fying scientific errors currently unnoticed in 
the scientific literature. Improving the pro- 
cess of corrections and retractions would 
have positive benefits far beyond this issue. 
However, neither negates the need for pre- 
publication review of code. 

The scientific publishing process relies 
on prepublication peer review as a filter for 
robust results. This is so because, regard- 
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less of the strength of processes for dealing 
with corrections and retractions, putting “the 
genie back in the bottle” is always going to be 
a difficult task after a result has been reported 


by far the more challenging issue being 
software validation. Addressing this issue, 
together with the equally pressing issue of 
uncertainty quantification in complex [com- 
putational] models, has been the focus of 
intensive research efforts in other scientific 
disciplines (2). These efforts might provide 
a good starting point for equivalent efforts in 
the life sciences. 
LUCAS N. JOPPA,** DAVID GAVAGHAN,? RICHARD 
HARPER,’ KEN]! TAKEDA,’ STEPHEN EMMOTT* 


Microsoft Research, Cambridge, CB3 OFB, UK. *Depart- 
ment of Computer Science, University of Oxford, Oxford, 


in the literature. At a minimum, code needs to OX1 30D, UK. 


be available to reviewers should they choose 
to scrutinize it. Moreover, prepublication 
review of code need not necessarily rely on 
the current review system. Just as English- 
language editing services have emerged to 2. 
ensure a minimum standard of accessibility 
of articles in many major journals, so might 
software-reviewing services provide a stamp 
of approval that code actually implements the 
algorithm reported in a paper. Indeed, in the 
commercial sector, software escrow provid- 
ers routinely provide full verification services 
to companies purchasing (or investing in) 
business-critical software [e.g., (/)], and the 
approaches used by such companies might 
provide pointers for a new model for aca- 
demic software verification services. 

Of course, verification of software is just 
the first essential step in the process, with 
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CORRECTIONS AND CLARIFICATIONS 


News & Analysis: “NIH to phase out most chimp research” by J. Kaiser (5 July, p. 17). The article failed to note 
that Gabon has not banned biomedical research on chimpanzees. The HTML and PDF versions online have 
been corrected. 


Reports: ‘A population of fast radio bursts at cosmological distances,” by D. Thornton et al. (5 July, p. 53). A mistake 
in the script used to produce Table 1 caused the energy released (E) values in the last row of the table to be off by 
10°. The correct values are ~10*?, ~10*!, ~10°2, and ~10**. The conclusions of the paper are unaffected. The HTML 
and PDF versions online have been corrected. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Can We Name Earth’s Species Before They Go Extinct?” 


Camilo Mora, Audrey Rollo, Derek P. Tittensor 


Costello et al. (Review, 25 January 2013, p. 413) challenged the common view that many species are disappear- 
ing before being described. We suggest that their conclusion is overly optimistic because of a limited selection and 
interpretation of available evidence that tends to overestimate rates of species description and underestimate the 
number of species on Earth and their current extinction rate. 


Full text at http://dx.doi.org/10.1126/science.1237254 


Response to Comment on “Can We Name Earth's Species Before They Go 
Extinct?” 


Mark J. Costello, Robert M. May, Nigel E. Stork 


Mora et al. disputed that most species will be discovered before they go extinct, but not our main recommendations 
to accelerate species’ discoveries. We show that our conclusions would be unaltered by discoveries of more micro- 
scopic species and reinforce our estimates of species description and extinction rates, that taxonomic effort has 
never been greater, and that there are 2 million to 8 million species on Earth. 


Full text at http://dx.doi.org/10.1126/science.1237381 
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ENVIRONMENT 


A Saga of Industrial Pollution 


Jouni Tuomisto 


oms River offers a fascinating, care- 

fully written description of chemi- 

cal industry malpractices during the 
past five decades and the subsequent actions 
of citizens, authorities, companies, employ- 
ees, and lawyers. It helps us understand why 
chemical industry tends to produce health 
hazards, why that is happening in new areas 
(such as China) even today, and how these 
problems could be reduced. 

In 1952, the Swiss company Ciba (later 
Ciba-Geigy and now Novartis) built a chemi- 
cal factory for producing dyes and, later, other 
chemicals in sleepy Toms River, New Jersey. 
The town’s enthusiastic welcome gradually 
turned into complaints and eventually out- 
rage. Through illegal dumping of Union Car- 
bide waste, Toms River came to host another 
hazardous site. The careless disposal of solid 
and liquid hazardous wastes at the two sites 
polluted the nearby river, soil, groundwater, 
and ocean and caused suspicion of a child- 
hood cancer cluster. Both sites were included 
in the Superfund program, which identifies 
and attempts to clean up contaminated sites 
in the United States. 

Describing in depth and with credible 
data what happened, the book also recounts 
who made the decisions and the reasons for 
and the outcomes of the actions. Dan Fagin 
(who teaches environmental journalism at 
New York University) lays 
out the practices through 
the different decades. He 
shows that many actions 
that readers may think of as 
outrageously stupid were at 
the time widely accepted 
standard practice and were 
based on rational although 
short-sighted thinking. 

Fagin weaves his nar- 
rative from stories of indi- 
viduals passionate about 
something—whether pro- 
tecting children against 
cancer, finding methods to 
produce bright colors using 
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coal tar chemistry, or assem- 
bling elaborate patient studies 
to understand the development 
of cancer and other diseases. 
He presents dozens of key 
researchers from Paracelsus 
(in the 16th century) to Richard 
Doll (in the 20th) along with 
their contributions to the under- 
standing and practices of what 
we now call environmental health sciences. 

A similar case of drinking water contami- 
nation in Woburn, Massachusetts (/), became 
the basis of a 1998 feature film. The complex- 
ities Fagin presents suggest that the saga of 
Toms River could not be captured in a two- 
hour movie. However, it has the makings of 
a fine television series: numerous interesting 
characters, the spectacle of a growing indus- 
trial town with a complex social ecosystem, 
and a story spanning more than five decades 
(with flashbacks into even earlier history of 
chemistry and science). Indeed, Toms River 
synthesizes Fagin’s extensive work. He inter- 
viewed 140 people and mentions more than 
twice that number. 

Despite the huge amounts of detail and 
sometimes-difficult scientific concepts, the 
lucid text remains fairly easy to read. Fagin 
impressively discloses the web of contacts 
that stimulated the flow of ideas among 


Toms River 


by Dan Fagin 


Troubled environment. The site of the Ciba chemical plant at Toms River, New Jersey. 


A Story of Science 
and Salvation 
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people who then applied their knowledge to 
new areas and challenges. Absorbing read- 
ing, the book also serves up excellent edu- 
cational environmental case studies and sto- 
ries. Although not a textbook (it contains no 
equations or chemical formulae), it provides 
informative discussions of the 
limitations and opportunities 
of various methods. These 
should help readers under- 
stand the capabilities of envi- 
ronmental health. 

Much of the regretful look- 
ing back in the book should 
not have been hindsight. 
Fagin convincingly demon- 
strates that in very many cases 
enough was known for people to have made 
better decisions. So why did the chemical 
companies go on dumping and the authorities 
keep ignoring future trouble? There seem to 
be two main reasons. Either the existing infor- 
mation did not reach the decision-makers, or 
the decision-makers’ outlook prevented them 
from recognizing the hazards and opportu- 
nities. In other words, the business-as-usual 
approach seems to be such a strong default 
that even clear alternatives tend to go unno- 
ticed. As the book shows, the approach was 
shared not only by the chemical industry and 
authorities but also by most researchers and 
citizens. Leaps of progress came only after a 
determined few succeeded in shaking the sta- 
tus quo. 

This implies that we should systematically 
promote an open flow of environmental infor- 
mation, especially among people holding dif- 
ferent views and different interpretations. In 
Toms River, fear that open 
information would cause 
public outrage was repeat- 
edly expressed. But the 
book shows that when at 
some point the informa- 
tion leaked out anyway, 
the largest outrage usually 
stemmed from the secrecy, 
not the bad news per se. 

In the book’s final part, 
Fagin describes how law- 
yer Jan Schlichtmann (who 
also was deeply involved in 
the Woburn case) pushed 
strongly for such a shared 
understanding about child- 
hood cancer cases in Toms 
River. Not only did he suc- 
ceed, his open approach 
was able to create trust and 
a feeling of understand- 
ing among the opposing 
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groups. That promising outcome supports 
claims that openness improves outcomes 
(2). Therefore, we seem to need more open 
assessments as early as possible. Once the 
damage is done, all we can do is estimate its 
scope and seek the culprits—as events played 
out in New Jersey. 

A balanced book, Toms River does not 
push a political agenda, unlike Rachel Car- 
son’s Silent Spring (3). But both books offer 
many valuable lessons to those around the 
world who wish to improve environmental 
and occupational health. 
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HEALTH ECONOMICS 


Can We Afford More 
Health Care? 


Amitabh Chandra 


illiam Baumol is among the most 
thoughtful economists of our 
time—over his prolific career he 


has covered everything from entrepreneur- 
ship to institutions to operations research. In 
the 1960s, he along with Princeton colleague 
William Bowen put together a clever thesis to 
explain the increasing share of incomes that 
go to relatively unproductive sectors. That 
thesis is now referred to as “Baumol’s cost 
disease,” and in The Cost Disease, Baumol 
applies his theory to the debate on health care 
spending. 

Assume (as we economists are superb at 
doing) that there are two sectors in the econ- 
omy that differ in the speed of innovation; call 
them fast and slow. In the fast lane, innovation 
is rapid. Wages grow because employees are 
more productive as a result of new technolo- 
gies that allow them to do more for less. In the 
slow sector, where innovation is jaundiced, 
we might expect wages to stagnate and the 
industry to wither and ultimately disappear. 
This would be true if the two sectors compete 
with each other, as was the case of steamships 
and sailboats. But the cost-disease hypothesis 
posits that if the slow sector doesn’t compete 
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with the fast sector and the slow sector is nec- 
essary (as is the case with health care), then 
wages will rise in the slow sector in order to 
persuade people to enter it. The 
faster the growth of productiv- 
ity in the fast lane, the faster 
wages will also rise in the slow 
lane. And so the rapid produc- 
tivity growth that we have seen 
in computers and automobiles 
pulls up wages in health care, 
education, the arts, and garbage 
collection. The central claim 
in The Cost Disease is that the 
“crisis” of health care spending 
may not be a crisis at all: inno- 
vation in some sectors increases 
incomes (or reduces prices), 
allowing us to spend more on 
health care. In Baumol’s view, 
as long as there is a steady stream of innova- 
tion outside of health care—and he believes 
that there will continue to be—we’ll be able 
to spend even more on health care. 

Baumol is careful not to argue that the 
health care system lacks wasteful spending, 
and he devotes a fair bit of space to noting the 
scope of that problem. His “however” is that 
the cost-disease hypothesis explains the rapid 
growth of health care spending but doesn’t 
defend the level of spending (which could be 
rife with waste). The distinction between the 
level of spending and the growth of spend- 
ing is central. For Baumol, the waste lies 
in the level of spending, but the growth of 
spending simply reflects the lack of produc- 
tivity growth in health care. Prices in health 
care rise in order for it to be produced. The 
same logic can be used to explain why the 
wages of barbers have increased over time, 
even though there has not been innovation in 
barbering (at least not since barbers stopped 
being surgeons and dentists). 

The Cost Disease offers a fresh take on an 
important phenomenon. It uses tantalizingly 
simple ideas to illustrate the perils of curtail- 
ing the growth of health care spending. While 
Cassandras have sounded the alarm over the 
rapid growth of health care spending, Bau- 
mol tells us to keep calm and carry on. Who 
should one listen to? 

There are four issues that one should think 
about in refereeing this debate. The first is to 
note that health care spending is the product 
of health care price and use. Baumol’s study 
focuses only on the rapid increase in prices 
and is silent on the quantity of health care 
that people receive. But we’re surely getting 
more done to us today—e.g., stents, cardiac 
computed tomography, visits to the intensive 
care unit, new oncology drugs, robots, and 
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proton-beam therapy. More things are con- 
stantly being discovered in health care (which 
pushes against the pokey view of health care 
innovation), and they have 
high prices because of market 
power, patents, or research and 
development costs. 

In addition, several com- 
mentators have noted that 
the price of health care on a 
per-unit basis and adjusted 
for quality is actually falling. 
Quality in health care is admit- 
tedly difficult to measure, 
but at least for heart-attack 
treatments, a careful quality- 
adjusted evaluation shows fall- 
ing prices (/). Connecting the 
dots to the first point about 
use, it’s possible for prices to 
fall but use to increase. In other words, the 
price of treating cardiovascular disease may 
be dropping as bypass is replaced with stents, 
and brand-name statins with generics, but we 
may be still spending more because we are 
diagnosing and treating more people. 

Furthermore, the distinction between the 
level of spending and the growth of spending 
is central for policy debates. There is no deny- 
ing that growth of health care today will influ- 
ence its level tomorrow. But if that’s true, the 
growth of health care yesterday influenced its 
level today. Baumol is open to waste being an 
explanation for the level of health care spend- 
ing—yet as this simple example illustrates, 
his forthrightness opens up a Pandora’s box 
of concerns about waste in health care. 

Lastly, regardless of the cause of the rise, 
one thing that everyone agrees on is that 
health care spending is increasing rapidly. 
Given government's role as the largest pur- 
chaser of health care, this means that taxes 
have to go up. The U.S. Congress has shown 
little appetite for that, and other Organiza- 
tion for Economic Co-operation and Devel- 
opment countries can’t raise their taxes any 
further. Confronted with this reality, it is dif- 
ficult to ignore the pressures to reduce waste, 
increase competition, and adopt high-value 
technologies. In The Cost Disease, Baumol 
cautions us that in the zeal to reduce health 
care spending, we should not forget the cen- 
tral role of innovations outside of the sector. 
As those enrich us, we can surely afford more 
health care. 
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SCIENCE EDUCATION 


Crowdsourcing a 
Online Education 


Darrell Porcello* and Sherry Hsi 
T of open educational resources 
(OERs) focused on Science, 
Technology, Engineering, and Math 
(STEM). These STEM OERs are 
not only shared openly and free for 
all to use, but often provide licenses 
that permit modification and reuse. 
Educators must have access to tools 
that pinpoint valuable resources 
while avoiding substandard ones. 
We discuss how multiple informa- 
tion sources, user communities, and 
online platforms might be coordi- 
nated to craft effective experiences in 
digital-rich learning environments. 

There is no shortage of STEM 
OER collections. Public education and gov- 
ernment agencies, television stations, state- 
level after-school organizations, science 
museums, and other organizations produce 
high-quality educational content for the Web 
and form extensive collections of collabora- 
tive, project-based, and open-ended STEM 
educational activities. Individual educa- 
tors, scientists, and hobbyists use online 
platforms like Instructables, MakeProjects, 
and Pinterest to self-publish instructions for 
creative projects. 

But as the number of STEM OERs grows 
online, how do educators decide what collec- 
tions to use when searching for digital con- 
tent? In a large kindergarten-to—high school 
(K-12) annual U.S. national survey, 41% of 
principals responded that it was “difficult to 
evaluate quality of digital content” (/), but 
>50% of teachers responded that the most 
important factors in evaluating content were 
“being referred by a colleague,” “free,” and 
“created by educators” (2), none of which is 
necessarily a hallmark of quality. 

This highlights a difference within the 
online world of OERs. On one hand, col- 
lections using crowdsourcing allow a wide 
range of online users to contribute, choos- 
ing their own descriptions and keywords 
to catalog, review, and manage OERs. This 
can produce large and loose collections. 


he Internet is a growing source 


Lawrence Hall of Science, University of California, Berkeley, 
Berkeley, CA 94720USA. 


*Author for correspondence: porcello@berkeley.edu 


19 JULY 2013 VOL 341 


nd Curating 
Resources 


Although dedicated users from the result- 
ing online communities might be more will- 
ing to detail their instructional experiences 
and personal connections to OERs, overall 
quality may be quite variable. On the other 
hand, having professional staff with dis- 
ciplinary expertise populate, catalog, and 
maintain curated collections usually results 
in fine-tuned, coherent, and smaller collec- 
tions. Although these collections grow more 
slowly, often with less vocal user communi- 
ties, they can quickly respond to new quality 
or educational standards. 

Over the past decade, online platforms for 
STEM OERs have vacillated between these 
two poles. New efforts are combining the best 
aspects of both strategies to create sustainable 
online platforms to make it easier for educa- 
tors to discover and use high-quality STEM 
OERs, confident in their scientific accuracy 
and pedagogical approach. 


Four Components Essential to OER Success 
Convergence Toward Common Metadata. A 
standard set of terms, or metadata, used by 
a dedicated community of users to tag digi- 
tal resources is a necessary characteristic of 
STEM OER collections. Grade level, subject 
area, cost per group, and resource type are just 
a few of the metadata fields relevant to edu- 
cators. For example, metadata could allow an 
educator using Howtosmile.org, a free digital 
library of almost 3500 STEM OERs for out- 
of-school educators, to identify 82 hands-on 
activities on evolution for 8- to | 1-year-olds. 


The diverse wealth of crowdsourced online 
tools can benefit from professional 
coordination and quality control. 


The National Science Digital 
Library (NSDL), initially funded by 
the U.S. National Science Founda- 
tion, set out to establish a common 
set of metadata fields and controlled 
vocabulary—a well-defined list of 
words to choose from when populat- 
ing a metadata field, e.g., “biology” or 
“physics” for subject area—for online 
STEM educational resources by knit- 
ting together disciplinary and audi- 
ence-specific communities (3). This 
provided the foundation for a long- 
standing consortium of online plat- 
forms for STEM OERs [e.g., (4)]. The 
core infrastructure team of the NSDL 
recently updated to the Learning 
Application Readiness (LAR) metadata for- 
mat in response to the increasing demand for 
STEM OERs to be “aligned to educational 
goals, curriculum, or professional develop- 
ment needs of users” (5). 

Synergistic efforts of the Learning 
Resource Metadata Initiative (LRMI), funded 
by the Bill and Melinda Gates Foundation, 
establish a simplified set of standards to tag all 
educational online content, making it easier 
to publish, discover, and deliver quality OERs 
on the Web (6). Careful cataloging through 
metadata fuels advanced search engines and 
more effective discovery of STEM OERs by 
educators. Metadata can also provide infor- 
mation about how a resource aligns to cur- 
ricular standards for STEM OERs. 

Balancing Expert and Community Defi- 
nitions of Quality. Learning resource and 
metadata quality are required for STEM 
OER online platforms to be accepted by par- 
ents, educators, and administrators, but who 
decides what is quality information? In the 
Wikipedia model, the written articles are 
largely crowdsourced, although core com- 
munity members monitor and control the 
quality of information. As one of the most- 
visited sites on the Internet, with more than 
23 million articles, the open digital encyclo- 
pedia has almost 80,000 volunteer editors 
who regularly contribute and edit content (7). 
Online STEM OER communities do not have 
this critical mass to use crowdsourcing as the 
sole source of quality control. It can play a 
part, but a professional or trained volunteer 


SCIENCE www.sciencemag.org 


CREDIT: HAYES THRONTON/LAWRENCE HALL OF SCIENCE 


staff is required to curate a high-quality col- 
lection of STEM OERs. 

In addition, as standards alignment and 
student achievement metrics become more 
critical parameters for teachers and adminis- 
trators choosing STEM OERs, professional 
services are required for increased reliabil- 
ity and accuracy in metadata creation. These 
points are demonstrated in NASAWave- 
length.org, a new STEM OER collection 
from NASA where resources are reviewed by 
educators using a defined set of criteria (8), 
aligned to the AAAS Project 2061 Bench- 
marks for Science Literacy (9) when appro- 
priate, and offered through a powerful search 
engine and a visual browse organized by rel- 
evant educational concepts. The peer educa- 
tor and subject-area expert review process 
for the CPALMS online platform (/0), aimed 
at Florida K-12 teachers, can only accept 
STEM OERs based on rigorous and stan- 
dards-driven instructional materials. 

As digital libraries evolve to identify 
effective teaching strategies and just-in-time 
information for educators, a new specialized 
profession is emerging for a dedicated cyber- 
librarian. This person would review incom- 
ing resources against a set of quality criteria 
to ensure only the best materials with strong 
STEM content, pedagogy, and standards 
alignments are included in STEM OER col- 
lections. The “cybrarian” also can serve as 
the key decision-maker in weighing adminis- 
trator goals, adding regional-specific content, 
and determining use with traditionally under- 
represented populations in STEM or for stu- 
dents with disabilities. 

Community Input. User voices can shape 
the public face and enhance the usability of 
online platforms for STEM OERs. Although 
users can author and submit new content to 
grow a collection, the most practical com- 
munity input lies within “digital footprints,” 
e.g., page views, comments, ratings, or newly 
formed subcollections, left by users’ online 
interactions and behaviors across an online 
platform. Users often leave footprints dur- 
ing activities they do regardless of their ben- 
efit to the community. For example, users on 
Howtosmile.org are >10 times more likely 
to create and save a subcollection (//) of 
STEM hands-on activities than leave a com- 
ment or rating for an individual resource. A 
user’s subcollection might inform other users 
exploring a set of STEM OERs. Web sites 
like Gooru (/2) are combining STEM OERs 
into lesson plans to attract educators. 

Another strategy for community input is 
to have users participate in cataloging duties 
or earn rewards for ranking content. InBloom 
(13), formally the Shared Learning Collab- 
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orative, is introducing an easy to use LRMI- 
based tagging tool for educators to catalog 
online resources, whereas a forthcoming 
student-centered platform called Sparticl 
from Twin Cities Public Television (/4) uses 
“folksonomies”—tags offered by commu- 
nity folks—and user ranking to better deliver 
STEM OERs to teens. No matter how it is 
eventually used, genuine community input 
for an online platform can only begin after 
there is first a critical mass of cataloged, high- 
quality STEM OERs established. 

Interoperability. When an educator is 
searching for a resource, like an interactive 
animation illustrating the steps of mitosis, 
it would be more efficient if a single query 
could search across multiple online collec- 
tions, rather than having the educator visit 
multiple Web sites. Interoperability enables 
information flow across multiple online plat- 
forms to ensure broad-based access to STEM 
OERs. Imagine searching for STEM OERs 
similar to using a single site to search for tick- 
ets from multiple airlines. 

One necessary step toward interoperabil- 
ity is the adoption of an openly licensed, stan- 
dardized metadata format for STEM OERs. 
Pushing beyond a basic set of library record 
fields from the long-standing Dublin Core 
metadata standard, this new, expanded meta- 
data standard, with an updated controlled 
vocabulary, can address specific character- 
istics of STEM OERs and their users. Addi- 
tions might include reading level, learning 
style preferences, assessment data, material 
costs, standards alignment, or user acces- 
sibility. The effort toward common meta- 
data has led to several aggregator Web sites 
that search over large sets of STEM OERs 
including NSDL.org, Informalscience.org 
from the Center for Advancement of Infor- 
mal Science Education (CAISE) (/5), the 
cross-U.S. federal agency Learning Registry 
(16), and the EU Open Science Resources 
Project (/7). 

Although this work represents prog- 
ress, an agreement on a STEM OER meta- 
data standard has not been reached within 
the education community. But interopera- 
bility does not stop at metadata. NSDL has 
begun to promote a standard set of commu- 
nity input called “paradata” (/8) as another 
way to share contextualized usage data about 
a resource and other relevant information 
across multiple online platforms. The hope 
is that STEM OERs listed on multiple plat- 
forms will retain usage information to estab- 
lish a common set of digital footprints to be 
viewable at all points of access. Interoperabil- 
ity must stretch to the technical back-end sys- 
tems of online platforms to include standard 
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metadata harvesting, resource vitality, and 
analytics protocols. Following good Linked 
Open Data (/9) practices will better intercon- 
nect STEM OERs and enable greater flexibil- 
ity for application development based on data 
from online platforms. 


STEM OERs are becoming important 


parts of teaching experiences inside and out- 
side the classroom. As search and discovery 
for STEM OERs become more seamless and 
natural to the online workflow of the educa- 
tor and student, the four critical components 
described above will drive advanced architec- 
ture to streamline delivery within browsers, 
mobile devices, smart boards, and future edu- 
cational technologies. A distributed, yet fully 
interconnected, online landscape of STEM 
OERs will improve quality and the user expe- 
rience and will help avoid inadvertently rec- 
reating resources that already exist during 
times of dwindling budgets for new mate- 
rials. When creating or disseminating new 
STEM OERs, a sensible strategy would be to 
leverage existing projects to deliver OERs in 
a responsible and efficient manner online. 
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CELL BIOLOGY 


Trans-HSF1 Express 


Valentina Gandin and Ivan Topisirovic 


rotein synthesis is ele- 
vated in many can- 
cers (/). To cope with 


increased protein load and pro- 
tein folding defects caused by 
genetic abnormalities, malig- 
nant cells bolster their chap- 
erone system. Heat-shock 
transcription factor 1 (HSF1) 
is a major activator of chaper- 
one-encoding genes. In can- 
cer cells, HSF1 also affects 
the transcription of genes that 
are implicated in tumorigen- 
esis (2), thereby shaping the 
“malignant transcriptome.” On 
page 250 of this issue, Santag- 
ata et al. (3) suggest that HSF1 
acts as a central node of a reg- 
ulatory network that “senses” 
messenger RNA (mRNA) 
translation rates and enables 
malignant cells to respond 
to increased protein loads by 
reprogramming transcription. 

Santagata ef al. deployed 
a series of unbiased genome- 
wide approaches to demon- 
strate that suppression of global mRNA trans- 
lation abrogates HSF 1 binding to target genes. 
The authors further determined that a class of 
compounds (rocaglates) that blocks transla- 
tion also inhibits the transcriptional activ- 
ity of HSF1. Rohinitib, a rocaglate with the 
highest potency of HSF1 inhibition, abolished 
glucose uptake and glycolysis in cancer cells 
and blocked proliferation of premalignant and 
malignant cells, while only marginally affect- 
ing proliferation of normal cells. 

Cross talk between translational and tran- 
scriptional machineries in this HSF 1-ribosome 
pathway bears resemblance to the unfolded 
protein response (UPR) that is triggered by 
the accumulation of unfolded and misfolded 
proteins in the endoplasmic reticulum (4). The 
UPR shuts down global protein synthesis by 
inactivating eukaryotic translation initiation 
factor 2 (e[F2) while stimulating translation 
of a specific subset of stress-related mRNAs 
that encode major transcriptional regulators 
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Metabolic reprogramming 


Tumorigenesis 


Coupled programs. In cancer cells, mRNA translation is increased, boosting the overall 
protein load (stress) and generating a repertoire of proteins that promote tumorigenesis. 
In the model shown, the transcription factor HSF1 “senses” this increase in mRNA transla- 
tion and modifies transcription to increase chaperone capacity and ribosome biogenesis, 
thereby bolstering translation. The hyperactivation of this translation-transcription net- 
work, centered on HSF1, leads to metabolic reprogramming and drives neoplastic growth, 


of UPR genes (such as activating transcription 
factor 4) (4). Like the HSF1-ribosome path- 
way, UPR plays a central role in tumorigen- 
esis, wherein it is thought to promote cancer 
cell survival under various types of stress and 
therefore to contribute to tumor progression 
and the development of chemoresistance (5). 
The findings of Santagata ef a/. point to a part- 
nership between translational and transcrip- 
tional programs that plays an important role 
not only in stress response but also in cancer 
initiation and progression (see the figure). The 
precise mechanism that underlies modulation 
of HSF1 transcription activity in response to 
changes in mRNA translation remains to be 
deciphered. Analogous to UPR, it is plausi- 
ble that changes in translation of a subset of 
mRNAs affect HSF1 activity. Alternatively, 
inhibition of translation and subsequent disso- 
ciation of chaperones from ribosomes should 
be expected to increase the binding of chaper- 
ones to HSF1 and its inactivation. 
Intriguingly, whereas inhibitors of the 
elongation step (cycloheximide) and the ini- 
tiation step (rohinitib) of mRNA translation 
both decreased expression of HSF1 target 


Ribosome activity is linked to the activity of 
a transcription factor in cancer cells. 


genes, only rohinitib selec- 
tively attenuated proliferation 
of malignant cells. Rocaglates 
prevent the initiation of transla- 
tion by interfering with elF4A, 
an RNA helicase component 
of the eIF4F translation initia- 
tion complex (6). The eIF4A 
helicase unwinds second- 
ary structure present in the 5’ 
untranslated region (5’UTR) of 
mRNA so that a ribosome can 
scan toward the codon that ini- 
tiates translation. It is thought 
that eIF4A inhibitors [silves- 
trol (a rocaglate), pateamine 
A, and hippuristanol] exhibit 
robust antineoplastic effects 
in vitro and in vivo in mul- 
tiple cancer models by selec- 
tively blocking the translation 
of oncogenic mRNAs that bear 
long, highly structured 5’UTRs 
that depend on the unwinding 
activity of elF4A (6, 7). Santa- 
gata et al. show that in addition 
to restraining production of 
pro-oncogenic proteins at the 
level of translation, rohinitib may also sup- 
press neoplastic growth by inactivating the 
HSF1 transcription network. It remains to be 
determined whether rohinitib induces selec- 
tive changes in the profile of mRNAs that are 
translated, particularly those encoding pro- 
teins that favor tumorigenesis. 

Cancer cells increase aerobic glycolysis 
(the “Warburg effect”) to meet high bioener- 
getic and biosynthetic demands of neoplas- 
tic growth. Translation of mRNA is thought 
to be the most energy-consuming process in 
the cell (8). Accordingly, cancer cells adapt 
to nutrient deprivation by decreasing energy 
consumption. This is accomplished in part by 
reducing the rate of translation elongation, a 
process that is controlled by the adenosine 
monophosphate—activated protein kinase— 
eukaryotic elongation factor 2 kinase pathway 
(9). Santagata et al. demonstrate that rohinitib 
reduces aerobic glycolysis in a panel of can- 
cer cell lines, which correlates with changes 
in the amounts of mRNAs that encode fac- 
tors that function in glucose uptake (thiore- 
doxin interacting protein) or glucose metabo- 
lism (phosphoglycerate kinase 1). Although it 
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remains to be resolved whether HSF1 directly 
controls expression of genes implicated in 
energy metabolism in response to rohinitib, 
these findings imply that the HSF1 regulatory 
network that couples translational and tran- 
scriptional programs contributes to metabolic 
reprogramming of malignant cells. 

The steady-state compositions of the 
eukaryotic transcriptomes only loosely corre- 
spond to the composition of their proteomes, 
indicating that posttranscriptional regulatory 
mechanisms collaborate with the transcrip- 
tional networks to modulate cellular activities, 
including cell proliferation and survival (/0). 
Santagata et al. show that in cancer cells, a 


decrease in mRNA translation profoundly 
alters transcriptional programs by altering the 
activity of HSF1. In turn, HSF1 activates the 
transcription of ribosomal genes (2), whereas 
ribosome-associated chaperones stimulate 
translation elongation by promoting the tran- 
sition of nascent mRNA chains through the 
ribosome exit tunnel (//, /2). 

The plasticity of malignant proteomes 
that enables cancer cells to adapt to various 
types of stress appears to be achieved by feed- 
back loops that coordinate transcription and 
translation. Networks that orchestrate these 
responses could potentially be exploited to 
devise new and better cancer treatments. 
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MATERIALS SCIENCE 


Droplets Out of Equilibrium 


Thomas M. Hermans’, Holger Frauenrath’, Francesco Stellacci* 


| iving systems create structures and 

functions of remarkable complexity by 

mastering self-assembly in different 
equilibrium and nonequilibrium states. Three 
states can be distinguished: equilibrium, non- 
dissipative nonequilibrium (or kinetically 
trapped), and dissipative (or dynamic) non- 
equilibrium. On page 253 of this issue, Tim- 
onen ef al. (/) report on a model system in 
which all three states are accessible (see the 
figure) and show how this leads to a range of 
well-ordered structures. 

Most inorganic structures such as gems 
and minerals are equilibrium structures, 
which generally form spontaneously in such 
a way that the free energy is 
minimized. Some organic 
structures also form in this 
way, such as some folded pro- 
teins (2) or structure materials 
like collagen. Most supramo- 
lecular materials, which aim to 
mimic the hierarchical struc- 
tures of biomaterials, are equi- 
librium structures (3, 4). 

The next level of complex- 
ity is found in structures that 
reside in kinetically trapped or 
metastable states. These struc- 
tures are typically far from 
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their thermodynamic equilibrium but are kept 
in a local state by deep potential or kinetic 
barriers. Examples include martensitic steel, 
most folded proteins (5), and cell membranes. 
Biological systems control the formation of 
these structures with sophisticated processing 
techniques, such as directed crystallization or 
the use of chaperones in protein folding (2). 
However, life is enabled by dissipative (or 
dynamic) assemblies that do not fall in either 
of these two categories. Prigogine’s seminal 
works on complexity showed that there are 
steady thermodynamic states that, in order to 
exist, must either consume energy or continu- 
ously and quasi-reversibly exchange energy 


Trapped state 


Equilibrium state 


Three self-assembly states. Timonen et al. started with a single droplet that can be 
described in terms of equilibrium thermodynamics (A). When a magnetic field is applied, 
the system forms an ordered arrangement of multiple droplets, an example of a kinetically 
trapped state (B). When an oscillating field is applied to the kinetically trapped state, put- 
ting energy on the system, a dissipative assembly state develops (C). G, Gibbs free energy. 
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Magnetic droplets can be switched between 
static and dynamic structures. 


into entropy and vice versa (6, 7). The prime 
example is the cytoskeleton, where nucleoside 
triphosphates are hydrolyzed to their diphos- 
phate analogs, providing chemical energy 
for forming long fibrous assemblies that give 
structural support to the cell membrane. At 
first glance, the continuous consumption of 
energy seems wasteful, but it enables the nat- 
ural systems to repair or rapidly adjust their 
shape and functions. 

In synthetic systems, a lot of progress has 
been made in developing equilibrium struc- 
tures (8—/0), but dissipative structures are still 
very scarce (//). Timonen et al. now report 
that magnetic droplets spontaneously split 
and assemble into well-defined 
geometric patterns under equi- 
librium conditions. These pat- 
terns can be altered by supply- 
ing them with energy, leading 
to dissipative nonequilibrium 
structures, and all equilibrium 
and dissipative structures can 
be kinetically trapped. 

The authors show that a 
single droplet of ferrofluid on 
a superhydrophobic surface 
divides into multiple drop- 
lets in a way that depends 
on the strength and gradient 
of the magnetic field of the 
magnet placed below the sur- 
face. Each little droplet can 
be considered as an individ- 
ual dipole being attracted to 
the center of the magnet. In 
addition, droplets that come 
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sufficiently close will repel each other. The 
balance between global attraction and local 
repulsion leads to the observed, highly sym- 
metric equilibrium droplet patterns. When 
the magnetic field is removed, the patterns 
remain constant, showing that the system is 
in a kinetically trapped state. 

The equilibrium droplet patterns can be 
altered reproducibly by feeding energy into 
the system. A periodically moving magnetic 
field gives rise to energy dissipation that leads 
to much more complex assembly geometries. 
For slow oscillations, the equilibrium drop- 
let pattern simply translocates as a whole, but 
less ordered dissipative patterns emerge for 
fast oscillations, probably once the dissipation 
energy flux has passed a certain threshold. 

In classical dissipative structures, such as 
reaction-diffusion patterns, Rayleigh-Bénard 
convection cells, or schools of fish, there is 
no order in or very close to the thermody- 
namic equilibrium. Only at a certain distance 
from the equilibrium state, beyond a criti- 
cal point, do highly ordered configurations 
emerge (6). Moreover, order in such systems 
arises abruptly in a manner resembling a sharp 
phase transition. By contrast, Timonen et al. 


(7) start out with an ordered equilibrium struc- 
ture, which gradually decreases its order with 
increasing distance from equilibrium. Here, 
energy dissipation decreases the symmetry of 
the system. 

The main challenge in studying dissipa- 
tive structures is to identify the exact form 
and magnitude of dissipation. In Timonen 
et al.’s system, this could be magnetoelastic 
losses, viscous dissipation, or losses due to 
eddy-currents. Grzybowski and co-workers 
(12) have shown that viscous dissipation can 
be computed numerically for nonequilib- 
rium structures of magnetic spinners assem- 
bling via vortex-vortex interactions, but their 
system does not allow for a simple experi- 
mental verification of the theory. For mag- 
netic nonequilibrium structures like those 
presented by Timonen ef al., it could be ben- 
eficial to use an electromagnet to drive the 
system. In analogy to a calorimeter, where 
current is used to keep the temperature con- 
stant, the current in the electromagnet could 
be measured to keep the magnetic field con- 
stant. The current needed to create dissipa- 
tive structures would provide further insights 
into the rates of dissipation. 


Timonen et al.’s report shows that liquid 
droplets on nonwetting surfaces provide a rich 
platform for studying dissipative structures. 
The gradual transition of equilibrium to dis- 
sipative structures reported by Timonen et 
al. could potentially be applied to molecular 
self-assembling structures, which are usually 
well-ordered in their equilibrium state. Push- 
ing supramolecular structures out of equilib- 
rium might just be the way to create emergent 
structures with functions as complex as those 
of living systems. 
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CHEMISTRY 


100 Years of Atomic Theory 


David C. Clary 


breaking paper that introduced a new 

way of understanding atomic phenomena 
(1). Entitled “On the Constitution of Atoms 
and Molecules,” the article brought together 
for the first time the model of the atom devel- 
oped by Rutherford, which consisted of a 
positively charged nucleus surrounded by 
negatively charged electrons, with the theory 
for quantization of radiation developed by 
Planck. The paper became one of the most 
influential of the 20th century. 

Although the model for the hydrogen 
atom described in the paper was superseded 
within 13 years by developments in quantum 
theory and wave mechanics, the work intro- 
duced several new concepts that have stood 
the test of time. These include the existence 
of stationary states, in which an atomic or 
molecular system can have a precise energy 
and the transition from one state to another 
can be accompanied by the emission or 


[: 1913, Niels Bohr published a ground- 
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absorption of radiation. In addi- 
tion, Bohr used Planck’s constant / 
to identify the frequency v of radia- 
tion as 

v=(W,-Wy/h dl) 
for a transition from an initial 
state of energy W, to a final state 
with energy W,. These principles 
are second nature to scientists in 
2013, but were radical a hundred 
years ago. 

At the time of Bohr’s paper, it was known 
through the work of Rydberg, following on 
from Balmer, that the frequency of a line in 
the visible spectrum of the hydrogen atom 
was given by 

v=R(1/n,?—1/n2) (2) 
where R is the empirically determined Ryd- 
berg constant and n, and n, are integers. The 
special feature of Bohr’s theory was that it 
gave R purely in terms of fundamental con- 


One hundred years ago, Niels Bohr’s pioneering 
paper on the electronic structure of the 
hydrogen atom revolutionized atomic theory. 


stants as R = 27n’me*/h3, where m and e are 
the mass and charge of the electron, respec- 
tively. It was this finding in particular that 
caught the attention of the notables of the 
day, with Einstein describing it as “very 
remarkable” and Bertrand Russell stating 
this was “perhaps the most sensational evi- 
dence in favor of Bohr’s theory” (2). 

To justify the introduction of quantum 
numbers in his theory, Bohr assumed that 
the angular momentum of the electron in 
the hydrogen atom was quantized and that 
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electrons have orbits of fixed radius depend- 
ing on their quantum number. This concept 
gave the famous planetary picture of the 
atomic age, with electrons moving in orbits 
with well-defined radii around a nucleus. 

This was a period when several new theo- 
ries of the atom were being developed, and 
Bohtr’s ideas were not readily accepted by 
all. However, a subsequent note (3) in which 
Bohr showed that his theory also accurately 
explained the spectrum of the He* ion, with a 
correction introduced to account for the mass 
of the nucleus, did much to convert doubters. 
In addition, his theory explained precisely 
the lines observed for the hydrogen atom 
from the infrared to the ultraviolet, including 
new observations made after 1913. 

Bohr’s revolutionary paper was part of 
a trilogy, with the second and third papers 
dealing with many-electron atoms and mol- 
ecules, respectively (4, 5). The two subse- 
quent papers extended some ideas of the 
first paper, but the results did not agree as 
well with experiments. Furthermore, Bohr’s 
assumptions that H,O was a linear mole- 
cule and that H,* was unstable did not gain 
much favor from chemists (6). However, the 


papers did discuss several phenomena that 
proved to be significant later, including the 
understanding of x-rays, magnetic proper- 
ties of atoms and molecules, and radioactiv- 
ity. Bohr also deduced correctly that B par- 
ticles were electrons emitted by the nucleus. 

Some other theoretical concepts intro- 
duced in Bohr’s trilogy of papers did not 
hold up. More sophisticated theories gave no 
angular momentum in the electronic ground 
state of the hydrogen atom. Furthermore, his 
theory could not explain the spectra of atoms 
with more than one electron, the intensities 
of spectral lines, effects of magnetic fields 
on atoms, fine structure, and hyperfine struc- 
ture. However, subsequent extensions of 
Bohr’s theory by himself, Sommerfeld, and 
others did make some improvements such 
as the introduction of elliptical orbits for the 
electrons and the quantization of the radial 
motion of the electron together with its 
angular momentum. This modified approach 
has found useful applications in understand- 
ing the dynamics of atoms and molecules to 
the present day (7). 

Bohr’s bold idea that a unifying theory 
of electronic structure must exist that can 
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explain all properties of atoms and mole- 
cules was tantalizing. In 1926, Schrédinger 
published his equation that essentially 
achieves this aim (8). Today, 100 years after 
Bohr’s breakthrough, it is not just spectra 
that can be calculated accurately to explain 
and predict experiments but also the detailed 
energetics and dynamics of atoms and mol- 
ecules (9). Any modern publication con- 
cerned with understanding the properties of 
molecules, not just in physics and chemistry 
but also in fields from materials science to 
molecular biology, will use concepts derived 
from Bohr’s pioneering paper. 
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DEVELOPMENTAL BIOLOGY 


Enhancing Pluripotency 
and Lineage Specification 


Wei Xie"? and Bing Ren'? 


mbryonic stem cells (ESCs) and 
EK induced pluripotent stem cells (iPSCs) 

hold great promise in regenerative 
medicine. Realizing this potential requires a 
thorough understanding of the genetic pro- 
grams regulating their pluripotency and 
lineage commitment. Recent studies have 
generated a wealth of information regard- 
ing the transcriptional circuitry underlying 
self-renewal and lineage commitment of ES 
cells. Here we review these studies, focusing 
on a type of cis-regulatory sequences called 
enhancers and their potential roles in pluripo- 
tency and cell fate determination. We also dis- 
cuss how such information can help ES cell 
research and regenerative medicine, together 
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with the challenges to understand the func- 
tions and regulation of these elements. 


Characteristics of Enhancers 

Enhancers have been proposed to act as a 
pivot of lineage identity and developmen- 
tal potential (/). Hundreds of thousands of 
putative enhancers have been annotated in 
the human genome (see the table). In par- 
ticular, putative enhancers involved in pluri- 
potency and lineage specification have been 
found by analysis of human embryonic stem 
cells (hESCs) and several hESC-derived cell 
types and constitute a sizable portion of reg- 
ulatory elements in their genomes. During 
differentiation of ESCs, enhancer activity is 
highly dynamic, transitioning through sev- 
eral states characterized by distinct patterns 
of deoxyribonuclease I (DNase I) hypersen- 
sitivity, chromatin modifications, and tran- 
scription factor binding (/). This transition 
between different enhancer states is corre- 
lated with lineage-specific gene expression 
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The identification of large numbers of human 
embryonic stem cell enhancers provides a 
useful tool to study cell fate and disease. 


(2-5). Enhancers frequently harbor binding 
sites or DNA motifs of transcription factors 
that are important for lineage identity (4, 
6-8). In particular, genes coding for key reg- 
ulators of cell identities are surrounded and 
regulated by “super enhancers” (9), which 
harbor unusually high levels of transcrip- 
tion factor binding. Binding of transcription 
factors to enhancers appears to precede their 
binding to promoters during reprogramming 
of somatic cells to iPSCs, which suggests 
that enhancer programming is among one of 
the first cellular events necessary for cell fate 
transition (/0). 


Exploiting Stem Cell Enhancers 

Although the full catalog of enhancers in the 
human genome is still unknown, the identi- 
fication of enhancers in hESCs and iPSCs 
will likely have a large impact on several 
fronts. For example, it will facilitate studies 
of molecular mechanisms underlying disease- 
linked sequence variants. Of noncoding dis- 
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NT GENOMIC STUDI 


R ANNOTATING PUTATIVE ENHAN 


.# Of putativeenhancers 
[or.DHSs or.transcription factor (TF) 
binding sites if indicated] 


hESC H1 (16) 
hESC H9 and derived neuroectoderm cells (3) 


hESC H1 and BMP4 differentiated hESC (2) 


hESC H9 and derived neural crest cells (NCCs) (11) 


hESC H1 and derived mesendoderm, trophoblast-like cells, 
neural progenitor cells, and mesenchymal stem cells (4) 


hESC HUES64 and derived mesoderm, neuroectoderm, 


and definitive endoderm (5) 


Studies focused on hESCs and/or their derivatives 


~58,000 


~7,000 (hESCs) 
modifications 


~29,000 (hESCs) Histone modifications 
~33,000 (hESC-BMP4) 
~5,000 (NCC) p300 and histone 


modifications 
~13,000 to ~43,000 for each 
cell type. ~89,000 in all 
hESCs and hESC derivatives 
~54,000 to ~78,000 for each 
cell type 


Other large-scale studies that include hESCs and/or their derivatives 


9 cell types, including hESC H1 (8) 


125 cell types, including several hESC and iPSC lines (25) 


5 cell lines, including hESC H1 (27) 


349 cell types, including several hESC and iPSC lines, and 


hESC derivatives (7) 


29 cell types, including several hESC and iPSC lines, 
hESC-derived neurons, and neural progenitor cells (6) 


ease-linked single-nucleotide polymorphisms 
(SNPs) identified from genome-wide associa- 
tion studies (GWAS), 76.6% either fall into a 
DNase [-hypersensitive site (DHS), a marker 
for putative enhancers, or are in complete 
linkage with SNPs in a nearby DHS (7). One 
hypothesis is that these SNPs may disrupt 
transcription factor binding sites at enhanc- 
ers, which leads to misregulation of their tar- 
geted genes. This can now be tested in hESCs 
or patient-derived iPSCs, in which disease- 
linked SNPs can be engineered in the genome 
to create risk variant-carrying and isogenic 
“wild-type” pluripotent cell lines. These lines 
can be further differentiated into cell types of 
interest as disease models to study the causal 
effects of these SNPs on potential disease- 
related gene expression patterns. 

Locations of enhancers could also help 
pinpoint binding sites of lineage-specific 
transcription factors, which often occupy 
hundreds of thousands of loci in the genome. 
Transcription factors falling within active 
enhancers are more likely to be conserved and 
functional (//). Furthermore, motif analysis 
of enhancer sequences can help identify regu- 
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3.8% of the genome 


sequences (hESC) 

~1,176,000 (total distal DHSs © DHS mapping 
in all cell types) 

~4,476,000 (total distal TF TF binding 
binding sites) 

~90,000 to ~370,000 (distal DHS mapping 


and proximal DHSs for each 
cell type) 


~94,000 per cell type 


lators of specific cell lineages. For example, 
such analysis has led to the identification of 
novel regulators (nuclear receptors NR2F1/ 
F2) of human neural crest cells (//). In addi- 
tion, cell type-specific enhancers can facili- 
tate the development of lineage-specific bio- 
markers to specify appropriate cell types. 
Such markers may help further optimize 
hESC and iPSC differentiation protocols, or 
identify subsets of cells within a differentiated 
population that more closely resemble their in 
vivo counterparts. Another potential benefit 
of using enhancer-based biomarkers is that 
enhancers can be primed or poised before acti- 
vation, which allows preselection of hESCs 
and iPSCs before induction of differentia- 
tion. For example, different iPSC lines dem- 
onstrate distinct lineage differentiation effi- 
ciencies (/2). It would be interesting to exam- 
ine whether enhancer activity can be used 
to distinguish iPSCs for their differentiation 
potentials. Further, global enhancer activity 
can be monitored for benchmarking hESC- 
and hiPSC (human iPSC)-derived cell types 
against tissues derived in vivo. As ES cells 
are raised and maintained in cell culture, it is 


Identification method . ~ 


Histone modifications 
p300, BRG1 and histone 


Histone modifications 


Histone modifications 


Histone modifications 


Histone modifications 


critical to determine how well 
these hESC- and hiPSC-based 
differentiation processes reca- 
pitulate in vivo development. 
For instance, aberrant gene 
expression and promoter regula- 
tion were found when compar- 
ing hESC-derived pancreatic 
endoderm cells differentiated 
in vivo and in vitro (/3). Cell 
culture can also induce expan- 
sion of large histone H3 lysine 
9 trimethylated (H3K9me3) 
domains (6), which are associ- 
ated with constitutive hetero- 
chromatin. Given that enhancer 
activity is highly dynamic, it is 
conceivable that they may be 
more sensitive to environmental 
changes and culture conditions. 


Remaining Challenges 

Despite the identification of 
large numbers of hESC enhanc- 
ers, it remains challenging to 
elucidate the gene-regulatory 
programs underlying pluri- 
potency and cell differentia- 
tion. One reason is that the tar- 
gets of these enhancers are not 
easy to define, as an enhancer 
often controls more than one 
gene, and the target gene is 
not necessarily the nearest one 
(/, 14). Current approaches to 
address this problem are still imperfect. In 
one approach, chromatin state at enhancers 
is used to identify promoters sharing similar 
chromatin profiles in nearby regions across 
multiple cell types (8, /5). Although corre- 
lated activity may reflect coordinated regula- 
tion between enhancers and promoters, it can 
also be indirect or even irrelevant. In another 
approach, chromosome conformation cap- 
ture techniques (3C) and derivatives (such as 
HiC) were used to directly assess the interac- 
tion between enhancers and promoters (/4). 
However, such interaction-based analyses are 
not yet satisfactory owing to the low resolu- 
tion of identified long-range interactions. It 
is also unclear if interaction alone can accu- 
rately predict functional regulation. 

The extent to which each enhancer con- 
tributes to target gene expression is gen- 
erally undefined except for a handful of 
enhancers such as those at the B-globin gene 
(14). To examine the effect of enhancers on 
transcription, one would need to mutate the 
element in its endogenous locus and charac- 
terize the target gene expression. Given the 
rapid progress in genome editing technol- 
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ogy, it is tempting to predict that large num- 
bers of putative enhancers will eventually be 
genetically engineered in a high-throughput 
manner. Further, how enhancers are regu- 
lated needs to be more precisely elucidated. 
Molecular mechanisms governing enhanc- 
ers are much less clear compared with those 
for promoters. For example, more needs to 
be learned about the factors that initiate, 
establish, and maintain the active, poised, 
and silenced states of enhancers, as well as 
the extent to which DNA looping partici- 
pates in gene activation. This will enable a 
fuller understanding of the role of enhancers 
in the genetic programs of pluripotency and 
lineage specification (/6, /7). 


Recent “omics” studies have uncovered a 
large number of putative enhancers that can 
program the transcriptional networks in plu- 
ripotent cells. However, these rich data sets 
have revealed more questions than answers. 
This is only the first step toward understand- 
ing the molecular mechanisms of pluripo- 
tency, and eventually realizing the potentials 
of hESCs and iPSCs. 
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Multiscale Design and Integration 
of Sustainable Building Functions 


Maria Paz Gutierrez' and Luke P. Lee” 


uildings and cities must move toward 
Bisse resources and advanc- 

ing risk preparedness in support of 
robust sustainability and climate change 
action (/—5). To date, the design of sustain- 
able buildings has optimized the genera- 
tion of energy separately from the regenera- 
tion of water and the processing of waste. 
However, the integration of macro-, micro-, 
and nanoscale engineering principles has 
enabled examples of synergistic optimiza- 
tion of energy generation with water and the 
processing of waste. Innovative multiscale 
design can allow buildings to wholly contain 
utilities, rather than merely providing routes 
for their delivery. 

As early as the fourth century BCE, 
Greek philosophers and builders harnessed 
the Sun for energy in houses, communities, 
and even cities, such as Priene and Olyn- 
thus. To prevent further destruction of the 
forests around their city, Romans adopted 
solar-oriented architecture from classic 
Greece, advancing it to a much wider range 
of climate applications. Roman builders 
invented solar-oriented openings with glass 
(i.e., south-facing windows) to heat rooms 
(6). With the spirit of more than two millen- 
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nia of solar-oriented architecture, an MIT 
team in 1947 demonstrated the Solar House 
II, which used sunlight to heat water tanks 
on a facade to heat interior space (7). More 
recently built examples of net-zero design at 
the residential scale demonstrated integra- 
tion of water-based radiation through ceil- 
ing panels that absorb sunlight. These panels 
transfer the heat into thermal storage facil- 
ities that heat the residence in winter by a 
heat exchange process (8). 

In skyscrapers, architects and engineers 
have piloted multiple built and research 
models to advance an integrated optimi- 
zation of energy, water, and waste (9). The 
Pearl River Tower in China demonstrates the 
integration of reduction, reclamation, pas- 
sive absorption, and generation of energy. 
This project features multiple integrated 
technologies, such as a reclamation scheme 
accomplished through water harvested from 
chilled surfaces to control interior humidity. 
Once filtered, this water is reused for interior 
plant irrigation and toilet flushing. Here, a 
single integrated technology serves both 
functions for energy reduction (dehumidifi- 
cation) and water recovery. The implemen- 
tation of the triple net-zero concept (zero 
energy, zero emissions, zero waste) has been 
demonstrated at the residential level, and 
many other buildings have shown the feasi- 
bility of nearly net-zero energy (7, 8). 

Currently, through the Emerging Fron- 
tiers in Research and Innovation (EFRI) 


Designing systems from nano- to macroscale 
can optimize the synergistic integration of 
sustainable energy and waste treatment in 
buildings. 


office of the National Science Founda- 
tion, 10 teams are participating in the Sci- 
ence in Energy and Environmental Design 
(SEED) group. Among these interdisci- 
plinary teams, a few are researching new 
building technologies that integrate nano- 
and microengineering principles for build- 
ing-scale applications (/0). The focus is on 
developing self-regulated and multifunc- 
tional building enclosures that act as “living 
walls, materials and systems.” A Univer- 
sity of Colorado team is researching a liv- 
ing wall for automatic thermal regulation, 
with a goal of net-zero energy and water 
conservation. The living wall comprises 
two optimized microvascular networks and 
a distributed phase-change medium (PCM) 
that absorbs or releases heat. The research 
develops a new polymer and microvascu- 
lar fluid channels to establish a wall sys- 
tem with autonomous movement of air and 
water to charge or discharge the PCM for 
optimized thermal regulation (/0). 

A University of Pennsylvania team is 
developing eSkin, which is inspired by 
human smooth muscle cells that alter their 
extracellular matrices and their surround- 
ing environments. The facade is composed 
of engineered microstructure patterns in 
passively responsive materials to gener- 
ate three-dimensional surface and opti- 
cal effects for light transmission calibra- 
tion. With embedded sensors and imagers, 
eSkin modulates passive solar energy, light, 
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Integrative sustainable building technologies. Multiscale design is illustrated from macro- to nanoscales. 
(A) A schematic axonometric drawing of the SOAP decentralization system: graywater collection, solar-acti- 
vated disinfection (facade), and recirculation (radiant floor heating). (B) A single SOAP panel containing 
(C) a photocatalytic optofluidic network is created by multiple layers of integrated photocatalytic reactors. 
(D) Pathogenic microorganisms are disinfected via photocatalytic TiO, nanoparticles. The larger support 
particles act as microlenses to concentrate solar energy and to generate an efficient photocatalytic effect. 


and moisture by using microstructured 
patterns to respond to local performance 
criteria (/0). 

Another example is solar optics—based 
active panels (SOAP) technology for gray- 
water reuse and integrated solar energy har- 
vesting (//). In this project, graywater is 
recovered from washing (sinks, bathtubs, 
and laundry) by disinfection, in buildings 
that require extreme water conservation, 
cooling through the day and heating dur- 
ing the night because of major diurnal tem- 
perature swings (as found in arid climates). 
Once collected, graywater is exposed to 
a solar-based optofluidic platform in the 
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facade, where an efficient photocatalytic 
disinfection process is activated by sun- 
light throughout the day. Effective disin- 
fection of pathogenic microorganisms can 
be achieved via integrated photocatalytic 
titanium dioxide (TiO,) nanoparticles on 
microlens arrays. 

By integrating nanophotocatalytic ele- 
ments on microlenses, the panel system 
improves light capture, transmission, and 
the efficiency of water disinfection in a 
broad range of geometries and facade ori- 
entations. Expanded nanophotonic archi- 
tectures can increase the density of catalytic 
sites if the panels must deliver more capac- 


ity. The disinfected water is recirculated at 
night for radiant floor heating as a by-prod- 
uct of the process, providing synergistic 
water and waste regeneration and energy 
generation. Once the water is used as a ther- 
mal source, it is brought into the building 
for reuse in toilet flushing and/or laundry. 

Integrated optimization of resources in 
buildings can decentralize the delivery of 
utilities in cities. Potential benefits include 
substantial cost savings in energy inputs 
and fewer disruptions from power outages 
or infrastructure failures. Further advances 
in sustainable building technology will 
demand research collaborations among 
architects, engineers, and scientists. Build- 
ing control functions must monitor and 
forecast interior and exterior conditions and 
occupancy in order to optimize energy use 
(/2). New active materials may self-gener- 
ate, regenerate, or undergo phases from the 
nanoscale to the architectural scale (/3). To 
streamline this innovation, architects, sci- 
entists, and engineers will have to make 
substantial advances in building materi- 
als, as well as multiscale building analysis 
(14, 15). Multiscale designs in which water, 
energy, and waste are synergistically inte- 
grated can mark a new era for “resourcing” 
resources in buildings. 
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Applications of Acceptorless 
Dehydrogenation and Related 
Transformations in Chemical Synthesis 


Chidambaram Gunanathan and David Milstein* 


Background: Acceptorless dehydrogenation (AD) reactions can result not only in simple removal 
of hydrogen gas from various substrates but also, importantly, in surprisingly efficient and environ- 
mentally benign (“green”) synthetic methodologies when intermediates resulting from the initial 
dehydrogenation process undergo further reactions. 


Advances: Traditionally, dehydrogenation/oxidation reactions of organic compounds have been 
performed using stoichiometric amounts of inorganic oxidants, in addition to employing various 
additives, cocatalysts, and catalytic systems that result in generation of copious stoichiometric, 
often toxic, waste. Catalytic transfer hydrogenation methods, in which stoichiometric amounts of 
sacrificial organic acceptor compounds are used, also generate stoichiometric amounts of organic 
waste. Recent developments in catalysis by metal complexes have resulted in AD reactions that 
release hydrogen gas and in related reactions in which dehydrogenation is followed by in situ 
consumption of the generated hydrogen equivalents and no net hydrogen gas is liberated. These 
reactions circumvent the need for conventional oxidants or sacrificial acceptors and provide an 
assortment of applications in organic synthesis, including several methods based on further reactiv- 
ity of the dehydrogenated intermediate compounds. Moreover, the evolved hydrogen gas is valuable 
in itself. 


Outlook: Further development of new ADs for green, efficient chemical synthesis is expected to be 
greatly influenced by fundamental organometallic chemistry as a basis for catalyst design. Such 
processes are highly desirable and are expected to gradually displace elaborate conventional labo- 
ratory and industrial synthetic methods. They may also provide opportunities for hydrogen storage 
cycles, because the dehydrogenation reactions can be reversed under hydrogen pressure using the 
same catalyst. In general, AD and related dehydrogenative coupling reactions have the potential 
for redirecting synthetic strategies to the use of sustainable resources, devoid of toxic reagents and 
deleterious side reactions, with no waste generation. 


Dehydrogenation strategies in 
organic synthesis. (A) Successive 
AD with release of hydrogen gas. 
The catalyst liberates H, from both 
starting compound and intermedi- 
ate, exemplified by dehydrogena- 
tive coupling of primary alcohols 
with amines to form amides. (B) AD 
with H, and water release. A dehy- 
drogenated intermediate couples 
with nucleophiles, exemplified by 
dehydrogenative coupling of alco- 
hols with amines (liberating water) 
to form imines that can be isolated 
or carried on to products such as 
pyrazines. (C) Borrowing hydrogen. 
The catalyst dehydrogenates the 
substrate and formally transfers the 
H atoms to an unsaturated interme- 
diate, exemplified by coupling of 
ammonia or amines with alcohols 
to form new amines, liberating 
water, but not H,. (D) Coupling of 
redox pairs. Dehydrogenation gen- 
erates an electrophile and a nucleo- 
phile that react to form C—C bonds. 
Neither H, nor water is evolved. 
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Precursors to Modern AD 
Alkane Dehydrogenation 
Alcohol Dehydrogenation 


Dehydrogenative Coupling of Alcohols 
to Form Esters 


Dehydrogenative Coupling of Alcohols 
with Amines to Form Amides 


Dehydrogenative Coupling with Concomitant 
Condensation Reactions 


Alkane Metathesis 


Alkylation of Amines by Borrowing Hydrogen 
Methodology 


Alcohols as a Source of Electrophiles 
and Nucleophiles 
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Applications of Acceptorless 
Dehydrogenation and Related 
Transformations in Chemical Synthesis 


Chidambaram Gunanathan’ and David Milstein?* 


Conventional oxidations of organic compounds formally transfer hydrogen atoms from the 
substrate to an acceptor molecule such as oxygen, a metal oxide, or a sacrificial olefin. In 
acceptorless dehydrogenation (AD) reactions, catalytic scission of C-H, N-H, and/or O—H bonds 
liberates hydrogen gas with no need for a stoichiometric oxidant, thereby providing efficient, 
nonpolluting activation of substrates. In addition, the hydrogen gas is valuable in itself as a 
high-energy, clean fuel. Here, we review AD reactions selectively catalyzed by transition metal 
complexes, as well as related transformations that rely on intermediates derived from reversible 
dehydrogenation. We delineate the methodologies evolving from this recent concept 

and highlight the effect of these reactions on chemical synthesis. 


nticipation of fossil fuel de- 
pletion and growing envi- 
ronmental concerns urge 


chemists and chemical industries to 
search for altemative raw materials 
and for atom-economical, environmen- 
tally benign synthetic methods. In this 
context, acceptorless dehydrogenation 
(AD) reactions, in which hydrogen 
is liberated and new bonds prospec- 
tively generated by further reactions 
of the dehydrogenated products, are 
emerging as a powerful approach, 
circumventing the need for stoichi- 
ometric oxidants or prefunctional- 
ization of substrates. 

Removal of hydrogen atoms from 
adjacent atomic centers of a hydrogen- 
rich organic molecule is in most cases 
a thermodynamically unfavorable 
process. Thus, dehydrogenation of 
organic compounds often requires stoi- 
chiometric or excess molar amounts 
of oxidants such as oxygen, perox- 
ides, iodates, and metal oxides (Fig. 
1A) or sacrificial hydrogen accep- 
tors (Fig. 1B), leading to wasteful 
by-product generation. In the more 
atom-economical AD reaction, mo- 
lecular hydrogen must be effectively 
removed from the reaction mixture 
to drive the equilibrium toward the 
products (Fig. 1C). Alternatively, the liberated hy- 
drogen can also be used in situ to hydrogenate 
unsaturated intermediates generated from a con- 
densation reaction. 


Substrate 
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Fig. 1. Classes of dehydrogenation reaction. (A) Dehydrogenation/oxidation 
by conventional oxidants. (B) Hydrogen-transfer reactions. Liberated hydrogen 
binds to a sacrificial acceptor molecule. (C) AD. Dehydrogenation leads to lib- 
eration of hydrogen gas, which is removed from the reaction mixture under 
reflux conditions or by vacuum. 


Our group has developed a class of AD re- 
actions in which the catalyst dehydrogenates 
both the starting compound and an intermediate 
compound, leading to the net-oxidized product 
with liberation of two equivalents of hydrogen 
(Fig. 2A). Reactions have also been developed 
in which both liberation of hydrogen and elim- 
ination of water take place (Fig. 2B). In a related 
class of reactions, termed the “borrowing hy- 
drogen” approach, the catalyst hydrogenates an 
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intermediate using the hydrogen removed from 
the starting compound. This method is also 
called “hydrogen autotransfer” (Fig. 2C); it does 
not involve net hydrogen evolution, and the over- 
all process is redox neutral. Dehydrogenation re- 
actions can also couple a redox pair such as an 
alcohol and an alkene, to provide products of 
formal alcohol C-H functionalization; upon al- 
cohol dehydrogenation (in the presence of catalytic 
base), the generated metal hydride interme- 
diate adds to the alkene to give a nucleophilic 
metal alkyl, followed by reaction of the latter 
with the intermediate keto compound to form a 
C-C bond (Fig. 2D). AD reactions provide en- 
vironmentally benign synthetic methodologies 
for the preparation of an assortment of useful 
products, in addition to the generation of valuable 
hydrogen gas. For example, amines and amides, 
which are traditionally prepared by multistep pro- 
cesses using stoichiometric amounts of activating 
reagents, can be obtained in a single synthetic step 
from alcohols with minimal waste 
by means of AD. 

Because X—H bonds (X = C, O, 
or N) are ubiquitous among organic 
molecules, selective AD followed by 
further tandem functionalization can 
provide a diverse stream of products. 
This strategy has been achieved most- 
ly as a result of advancement in the 
field of catalysis by transition metal 
complexes. Dehydrogenation re- 
actions classified by the substrates 
and catalysts have been reviewed 
(/-3). Here, we highlight AD reac- 
tions catalyzed by soluble transition 


Substrate Sacrificial Product Sacrificial 
hydrogen waste metal complexes from the perspec- 
acceptor tive of the strategies outlined in 
X = CHp, CH, NH, O Fig. 2, with particular emphasis on 
selective coupling reactions lead- 
© ing to useful products efficiently 
and atom-economically. 
—Satabet @ + im) Precursors to Modern AD 
In organic synthesis, the oxidation/ 
Substrate Product Only byproduct 


dehydrogenation is carried out using 
conventional methods, which use stoi- 
chiometric amounts or excess of inor- 
ganic oxidants such as chromium(IV) 
reagents (4), pressurized oxygen (5), 
or peroxides, in addition to employ- 
ing various additives, cocatalysts, 
and catalytic systems combined with 
metal complexes and TEMPO (2,2.6,6- 
tetramethylpiperidinyl-l-oxy) that result in stoichi- 
ometric waste generation, which is undesirable 
environmentally and economically (6). In addi- 
tion, pressurized oxygen and peroxides pose ex- 
plosion hazards. To circumvent these problems, 
dehydrogenation methods without use of conven- 
tional oxidants were developed. Early investigations 
of AD emanated from heterogeneous catalysis. 
Dehydrogenation of linear primary alcohols re- 
sulted in B-branched primary alcohols as a result 
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of condensation of the intermediate aldehydes 
followed by dehydration and hydrogenation, as 
reported in the late 1800s by Guerbet, much before 
hydrogen-transfer reactions were reported (7). The 
simple hydrogen-transfer reaction has its origin in 
the Oppenauer oxidation of secondary alcohols to 
ketones in the presence of acetone, mediated by 
aluminum fert-butoxide (8) and later catalyzed 
by transition metal complexes. Hydrogen transfer 
using alkanes as the hydrogen source is much more 
difficult due to the generally unreactive C-H bonds. 
In 1979, Crabtree achieved stoichiometric dehydro- 
genation of alkanes using a cationic iridium(III) 
metal complex (9) in the presence of a hydrogen 
acceptor. Pioneering examples of catalytic alkane 
hydrogen-transfer reactions by soluble complexes 
were independently reported by Felkin and col- 
leagues (/0) and Crabtree and colleagues (//). 


Alkane Dehydrogenation 

In pioneering work, Aoki and Crabtree reported 
AD of cyclooctane using [IrH(OxCCF,CF3;XPCy3)] 
as catalyst, which gave 36 turnovers to cyclooc- 
tene under reflux conditions (/2). Stability of the 
applied homogeneous catalysts at higher temper- 
atures, which is essential for these reactions, se- 
verely limited scope and efficiency. However, an 
efficient AD reaction was achieved by Xu et al. 
(/3) using the InPCP) pincer complex 1a (Fig. 
3A). Later, the sterically less-crowded complex 1b 
developed by Liu and Goldman provided close 
to 1000 turnovers in AD of cyclooctane; linear 
alkanes were also dehydrogenated (/4). The high 
thermal stability of pincer complexes, coupled 
with the effectiveness of iridium complexes in 
C-H activation, resulted in catalysts 1a and 1b 
being the most effective complexes for AD of 
alkanes. 


Alcohol Dehydrogenation 

Traditionally, alcohol oxidations are primarily 
performed using toxic strong oxidants such as 
periodates or chromium oxides, which generate 
toxic stoichiometric waste (4, 6). Greener alterna- 
tives have also been developed (/5). For example, 
a method of TEMPO-catalyzed dehydrogenation 
of alcohols with sodium hypochlorite has been 
developed and commonly used in both small- 
and large-scale applications (Fig. 3B). However, 
the method suffers from the need for a stoichio- 
metric amount of sodium hypochlorite, the need 
for a cocatalyst [e.g., 10 mole percent (mol %) NaBr] 
in addition to the use of chlorinated solvents, and 
the equivalent amount of sodium chloride produced 
for every molecule of alcohol dehydrogenated 
(/6). In contrast, several examples of oxidant- 
free catalytic AD of secondary alcohols to the 
corresponding ketones were reported (Fig. 3C) in 
which hydrogen gas is the only by-product. Early 
examples required the presence of an acid as a 
hydride ion acceptor (/ 7-20). The ruthenium PNP 
[2,6-bis-(di-tert-butylphosphinomethyl)pyridine] 
pincer complex 2, reported by our group, catalyzes 
the dehydrogenation of secondary alcohols using 
low catalyst loading, demonstrating the potential 
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of pincer complexes in the dehydrogenation of 
alcohols (2/). However, complex 2 required activa- 
tion by a base. The modified catalysts 3a and 3b 
can catalyze the reaction under neutral conditions 
using low loading of 0.1 mol % (22). The iridium 
complexes 4 (23) and 5 (24) also catalyze this 
reaction. The catalytic activity of 5 is comparable 
to that of ruthenium complex 3b, whereas com- 
plex 4 shows higher efficiency. In addition to the 
synthetic potential, the dehydrogenation of second- 
ary alcohols to ketones is also of interest from the 
point of view of hydrogen production from simple 
and biorenewable alcohols. Combining the ruthe- 
nium precursor [RuH2(CO)(PPh;)3] [used earlier 
for this reaction (20)] with PNP-type pincer ligands 
was shown to be highly effective in hydrogen pro- 
duction from iso-propanol (25). 


AD of primary alcohols to yield the corre- 
sponding aldehydes (Fig. 3, D and E) is less 
common, as often ruthenium complexes are de- 
activated by decarbonylation of the aldehydes. 
Synthesis of aldehydes from alcohols was reported 
recently by Fujita and Yamaguchi (26) using the 
iridium catalyst 6a. The modified water-soluble 
catalyst 6b catalyzes the dehydrogenation of both 
secondary and primary alcohols in water. This 
catalyst family operates by a mechanism involving 
metal-ligand cooperation (27, 28). 


Dehydrogenative Coupling of 

Alcohols to Form Esters 

Esterification is one of the most important fun- 
damental reactions in synthetic organic chem- 
istry, with applications in the production of an 


condensation 
Ro ASR! 


oc) 


Cyclization 
reactions 


(9) Product or 
intermediate 


Base Carbonyl 

addition 
Cat. 

RSo As a RSo 
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Fig. 2. Dehydrogenation strategies in organic synthesis, exemplified by reactions of alcohols. 
(A) Successive AD with release of hydrogen gas. The catalyst liberates Hz (the sole by-product) from both 
starting compound and intermediate generated by reaction with a nucleophilic substrate. “Catalyst-H2” 
indicates formal abstraction of two hydrogen atoms by the catalyst. (B) AD with hydrogen and water release. 
An intermediate formed by dehydrogenation of the starting compound can couple with nucleophiles; the 
resulting products can be isolated or can undergo further addition or cyclization reactions with or without 
further Hz liberation. (C) Borrowing hydrogen. The catalyst dehydrogenates the substrate at the outset and 
formally transfers the H atoms to an unsaturated intermediate. Hydrogen gas is not evolved, and the reaction 
often involves elimination of water as a by-product. (D) Coupling of redox pairs. The catalyst dehydrogenates 
the substrate to generate an electrophile and metal-hydride; addition of the latter to an unsaturated 
substrate forms a nucleophilic metal alkyl that reacts with the electrophile to form a CC bond. Neither 


hydrogen gas nor water are produced. 
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assortment of fine chemicals ranging from fra- 
grances to pharmaceuticals. Elaborating on the 
dehydrogenation of secondary alcohols catalyzed 
by complex 2, rational design of the pincer com- 
plexes 7-9, based on metal-ligand cooperation 
involving aromatization-dearomatization se- 
quences of the pyridine-based ligand (see Fig. 5G), 
resulted in the direct catalytic dehydrogenative 
coupling of primary alcohols to esters with high 


t) aor 1b 
EE 


C3O+CO:+#! 


efficiency (Fig. 4A) (29). The aromatic, coor- 
dinatively saturated complexes 7 and 8 require 
the presence of a catalytic amount of a base, for 
in situ generation of the corresponding dearo- 
matized complexes by deprotonation, which are 
the actual catalysts. Installing a hemilabile amine 
arm, which can play an important role in the 
catalytic cycle by opening a coordination site, 
resulted in precatalyst 8. Treatment with a base 
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Fig. 3. Examples of dehydrogenation. (A) Dehydrogenation of an alkane catalyzed by iridium pincer 


complexes. (B) Dehydrogenation of primary and 


secondary alcohols by conventional oxidants. (C) De- 


hydrogenation of secondary alcohols by well-defined ruthenium and iridium complexes. (D and E) Dehy- 


drogenation of primary alcohols. (D) Synthesis of 
water solution. 
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affords unsaturated, dearomatized complex 9, an 
excellent catalyst for dehydrogenative coupling 
of alcohols to form esters with liberation of Hz 
under neutral conditions. Only traces of alde- 
hydes are formed. 

This catalytic reaction provides an efficient, 
atom-economical, environmentally friendly path- 
way for the synthesis of esters. It can be carried out 
in a solvent or with neat liquid reagents. Previous 
examples of dehydrogenative coupling of alcohols 
to esters were considerably less efficient (30-32). 
Shvo’s catalyst provided benzyl benzoate and pentyl 
pentanoate from the corresponding neat alcohols at 
137° to 145°C, although yields and reaction times 
were not reported (3/). Murahashi demonstrated 
dehydrogenative coupling of various alcohols to 
esters using RuH2(PPh;); (2 mol %) in refluxing 
mesitylene (180°C) for 24 hours (32). The acridine 
catalyst 10 prepared by our group also catalyzes 
this transformation in the presence of a catalytic 
amount of base in refluxing solvent or under neat 
conditions (33). Complexes 3a and 3b (22), as 
well as the PNS [2-(tert-butylthio)methyl)-6-(di-tert- 
butylphosphino)methyl)pyridine] pincer ruthenium 
complex [(PNS)RuHCl(CO)] (34), analogous to 
complex 8, and the iridium complex 5 (24) also 
catalyze the dehydrogenative esterification of al- 
cohols. Catalytic conversion of ethanol, a biore- 
newable alcohol, to ethyl acetate and molecular 
hydrogen is of particular interest because ethyl 
acetate is a widely used industrial bulk chemical. 
In this context, further fine-tuning of steric and 
electronic factors of the pincer backbone (35, 36) 
and screening of known pincer complexes (37) 
provided efficient catalysts. 

Dehydrogenative cross-coupling of pri- 
mary with secondary alcohols to form mixed 
esters was achieved for an assortment of pri- 
mary and secondary alcohols, in a molar ratio 
of 1/2.5, using the bipyridine-based, dearom- 
atized catalyst 12 (Fig. 4B) (38). In general, 
transesterification (ester to ester transforma- 
tion) is not an atom-economical process, because 
it produces, in addition to the desired ester, an 
equivalent amount of alcohol. Our group has 
developed a distinct mode of transesterifica- 
tion, in which hydrogen gas is formed as a by- 
product, rather than alcohols, upon reaction 
of esters with secondary alcohols catalyzed by 
complex 9 (Fig. 4C). When symmetrical esters 
(i.e., having the same R groups) are used, both 
the acyl and alkoxy fragments of the substrate 
ester are incorporated into the product ester 
with liberation of hydrogen (39). This cross- 
selectivity is a result of slower dehydrogenation 
of the secondary alcohol to the corresponding 
ketone as compared with the dehydrogenative 
coupling of the primary alcohol to ester. Diols 
can undergo an intramolecular reaction to pro- 
vide the corresponding lactones with hydro- 
gen liberation (22) with complex 3b as catalyst 
(Fig. 4D). 

Currently practiced methods for the synthesis 
of polyesters are generally not atom-economical and 
not environmentally benign. They are normally 
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based on carboxylic acid derivatives, prepared 
using toxic reagents and generating toxic by- 
products and salts; subsequent polycondensa- 
tion with diols also generates salt waste, which 
can be challenging to remove from viscous poly- 
mer solutions, often resulting in low conversion 
and poor polymer properties. By using the in 
situ-generated complex 9 (from commercially 
available complex 8) as a catalyst, Robertson and 
colleagues have demonstrated a remarkable pro- 
cess (40) for the synthesis of polyesters from 
diols (Fig. 4E). Efficient removal of the generated 
hydrogen was achieved by performing the polym- 
erization reaction under reduced pressure, re- 
sulting in formation of high-molecular-weight 
polyesters. 

Very recently, primary alcohols were oxidized 
by our group to the corresponding carboxylic 
acid salts using water as the terminal oxidant, 
with liberation of hydrogen (4/). The precata- 
lyst 11 was used for the in situ generation of 
catalyst 12 (Fig. 4F), which catalyzes this trans- 
formation under acceptorless conditions. Inter- 
estingly, water plays the role of both oxygen 
donor and reaction medium. Complex 9 is also 
known to stoichiometrically split water, by con- 
secutive thermal H, and light-induced O, gen- 
eration (42). 


Dehydrogenative Coupling of Alcohols 

with Amines to Form Amides 

Intermolecular dehydrogenative coupling of al- 
cohols with amines is the most atom-economical 
method for amide synthesis (43). However, this 
catalytic reaction was difficult to envision, since 
hemiaminal formation was expected to follow 
alcohol dehydrogenation. Subsequent spontane- 
ous water elimination would then form an imine 
that could undergo hydrogenation with the lib- 
erated H, to yield a secondary amine (from pri- 
mary amine reagents). We discovered that this 
transformation (44) could indeed be catalyzed 
by the dearomatized pincer complex 9 (Fig. 5A). 
A range of alcohols reacted with alkyl and aryl 
amines and diamines to produce amides with 
liberation of hydrogen under low catalyst load- 
ing (0.1 mol %). Moreover, the reactions are se- 
lective toward the primary amine functionality 
under these conditions. Following this discov- 
ery, a number of catalytic systems were reported 
for this transformation with various ruthenium 
precursors in combination with carbene and/or 
phosphine ligands, although these systems re- 
quired higher loading of metal complex and lig- 
ands in addition to the need for substoichiometric 
amounts of base; selected examples (45-47) are 
given in Fig. 5B. 

Synthesis of amides from esters and amines 
is also a potentially attractive method. Complex 
9 efficiently catalyzes this transformation (Fig. 5C) 
with liberation of H under neutral conditions 
(48). Similar to the alcohol acylation process 
(Fig. 4C), both the acyl and alkoxo fragments of 
the symmetrical esters are incorporated in the 
amide product. One outcome of this reaction is 
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Fig. 4. Direct synthesis of esters from alcohols. (A) Synthesis of esters by dehydrogenative cou- 
pling of primary alcohols. These reactions are catalyzed by the rationally designed dearomatized, 
unsaturated PNN pincer complex 9, and its precursor 8, as well as the less reactive PNP complex 7. (B 
to F) Application of alcohol dehydrogenative coupling reactions under acceptorless conditions. (B) 
Synthesis of esters from cross-coupled primary and secondary alcohols. (C) Synthesis of mixed esters by 
transesterification of esters using secondary alcohols. (D) Synthesis of lactones from diols. (E) Synthesis 
of polyesters from diols. (F) Synthesis of carboxylic acid salts from alcohols using water. 
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Fig. 5. Direct synthesis of amides from alcohols and amines. (A) Discovery of dehydrogenative 
coupling of alcohols with amines to form amides with liberation of hydrogen, catalyzed by the pincer 
complex 9. (B) Selected examples of other catalytic systems developed later for the same transfor- 
mation. (C to F) Applications of catalyst 9 in acceptorless dehydrogenative coupling processes involving 
amines. (C) Synthesis of amides from esters and amines. (D) Synthesis of a chiral amide from (S)-2-amino-3- 
phenylpropan-1-ol and benzylamine. (E) Synthesis of cyclic dipeptides from B-amino-alcohols. (F) Synthesis 
of polyamides from diols and diamines. (G) Metal-ligand cooperation by facile aromatization and de- 
aromatization sequences (highlighted in blue). The dearomatized ligand participates in various bond 
activation and reversible bond-formation reactions and plays a key role in catalysis. 
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that ethyl acetate, a cheap and abundant ester, can 
be used as a convenient, atom-economical acetyla- 
tion agent of amines, producing hydrogen as the 
only by-product; this is clearly advantageous 
over the commonly employed acetylation agents. 
Amino alcohols also participate in the acylation 
of amines. Gratifyingly, chiral amino-alcohols 
react with retention of configuration (Fig. 5D), a 
likely attribute of the neutral reaction conditions 
(49). As complex 9 catalyzes the amidation of 
amines using amino-alcohols, we reasoned that use 
of amino-alcohols alone might result in formation 
of linear or cyclic peptides. Indeed, complex 9 
catalyzes the conversion of various amino-alcohols 
(bearing substituents larger than methyl @ to the 
amine group) to the corresponding cyclic dipep- 
tides (diketopiperazines) as the only products in 
very good yields with liberation of H2 (Fig. SE). 
In the case of alaninol, oligopeptides were formed. 
Using catalyst 9, we have also developed the cat- 
alytic synthesis of polyamides (5/) from diols and 
diamines. Before we published this work, Zeng 
and Guan reported (5/) the direct polyamidation 
reaction using the now commercially available 
catalyst 9. Optimization studies by them revealed 
the need for polar solvents for successful polym- 
erization of diols and diamines, anisole being a 
suitable polar solvent, resulting in high number- 
average molecular weights (M,,) of the polyamides 
(3.2 kD in toluene versus 13.8 kD in anisole). M, 
of the polyamides were further improved (22.6 kD) 
by the addition of small amounts of dimethyl sulf 
oxide. Polymers bearing secondary amine groups 
in the backbone, potentially useful for gene de- 
livery, were obtained by Zeng and Guan (5/), with 
no need for a wasteful protection-deprotection se- 
quence, due to the selectivity of 9 toward the 
amidation of primary amine groups (Fig. SF). 
Ru-pincer complexes (7 to 12) developed by our 
group are believed to operate by a mode of metal- 
ligand cooperation (Fig. SG) involving aromatization- 
dearomatization of the pincer ligand (52, 53). 
Dearomatized pincer complexes can activate pri- 
mary alcohols, yielding the corresponding saturated 
hydrido alkoxo complexes, with aromatization. The 
mechanism of further dehydrogenation of the 
alkoxy ligand, which could follow B-hydride elim- 
ination, remains unclear at this stage (54). How- 
ever, esterification and amidation reactions likely 
proceed through hemiacetal and hemiaminal in- 
termediates, respectively, formed by nucleophilic 
attack by the alcohol or amine on an intermediate 
aldehyde that is either coordinated to the metal or 
free in solution (55, 56). Catalyst 9, and its bipyri- 
dine analog 12, also effectively catalyze under mild 
conditions the hydrogenolysis reactions of esters 
to alcohols (57), amides to alcohols and amines 
(58), and the hydrogenation of the CO,-derived 
organic carbonates and formates as mild, green, 
two-step routes to methanol (when dimethyl car- 
bonate or methyl formate are used) (59). Methyl 
carbamates and urea derivatives were also hydro- 
genated to alcohols and amines under mild con- 
ditions (60). Density functional theory (DFT) 
calculations carried out by other groups on our 
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amidation reaction (55, 56) and on the microscopic 
reverse, hydrogenation of amides (6/), further sup- 
port the involvement of suggested intermediates. 


Dehydrogenative Coupling with Concomitant 
Condensation Reactions 

The acridine pincer ruthenium catalyst 10 cat- 
alyzes the conversion of alcohols to acetals in 
very good yields, liberating hydrogen and water 
Fig. 6A) (33, 62). The reaction proceeds via enol- 
ether intermediates, which upon further alcohol 
addition yield acetals. The recently developed ru- 
thenium complex 14 also catalyzes this transfor- 
mation (63). 

The RuPNP pincer complex 15 catalyzes 
he dehydrogenative coupling of alcohols with 
amines, unexpectedly leading to imine products 
Fig. 6B) rather than to amides, as catalyzed by the 
analogous RuPNN complex 9 [PNN is (2-(di-tert- 
butylphosphinomethyl)-6-diethylaminomethyl)pyridine] 
(64). It is possible that in the case of complex 15, 
intermediate aldehyde dissociates from the metal 
complex, forming free hemiaminal in solution, 
whereas in the case of 9, a coordinated aldehyde is 
attacked by the amine and no free hemiaminal is 
involved. The reason for the discrepancy might be 
a lack of the hemilabile amine “arm” and higher 
steric hindrance in 15. The free hemiaminal elimi- 
nates water, providing a method for the synthesis 
of imines, with no subsequent hydrogenation to 
the corresponding amines. DFT calculations on 
imine formation catalyzed by 15 are in line with 
the observed selectivity (65). An analogous RuPNP 
catalyst with amine-based pincer “arms” (66), a 
Ru-carbene complex (67), and an OsPOP [POP 
is 4,6-bis(diisopropylphosphino)dibenzofuran] 
complex (68) were also later reported to catalyze 
this transformation. Using amino alcohols, com- 
plex 15 catalyzes formation of pyrazines (Fig. 6C). 
Apparently, the reaction proceeds through a cyclic- 
diimine intermediate, which undergoes further 
dehydrogenation to provide the aromatic pyrazines 
(49). Dehydrogenative coupling of diols and amines 
can lead to pyrroles. Thus, reaction of 2,5-hexandiol 
and alkylamines catalyzed by complex 13 in the 
presence of sodium formate resulted in forma- 
tion of N-alkyl-2,5-dimethylpyrroles in a dehy- 
drogenative Paal-Knorr pyrrole synthesis (Fig. 
6D) (46). Very recently, synthetic approaches to 
pyrroles were reported, based on alcohol dehy- 
drogenation, imine formation, and base-promoted 
condensation. Thus, Ru3(CO);2 with an added di- 
phosphine and a base catalyzes the reaction of 
1,2 diols with amines and ketones, resulting in a 
variety of functionalized pyrroles (Fig. 6E) (69). 
The IrPNP complex 16, developed by Michlik 
and Kempe, in the presence of base catalyzes 
the dehydrogenative coupling of B-amino-alcohols 
with secondary alcohols to form pyrroles; the pro- 
posed mechanism involves ketimine formation 
from the ketone and amino-alcohol, followed by 
Ir-catalyzed dehydrogenation and base-promoted 
condensation to result in elegant synthesis of pyr- 
roles in very good yields with diverse substituents 
(Fig. 6F) (70). This reaction is also efficiently cat- 
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alyzed by the bipyridine-based RuPNN complex 
11, following a similar mechanism, as reported by 
our group very recently (7/). 


Alkane Metathesis 

Combining alkane dehydrogenation and the 
borrowing approach, Goldman, Brookhart and 
co-workers achieved alkane metathesis in a three- 
step tandem sequence using two different catalysts 
(72). The iridium complex (17) dehydrogenates 
alkanes in the first step to produce the respective 
alkenes, which are converted into either longer or 
shorter alkenes by the Mo-based Schrock metathesis 


A) 


catalyst (18) in the second step. The hydrogen ob- 
tained in the first step hydrogenates the alkenes, 
thus providing a near thermodynamically neutral 
process (Fig. 7). Although the terminal alkene is 
the kinetic dehydrogenation product, isomeriza- 
tion of the double bond along the chain and then 
cross metathesis of the isomerized products lead 
to a broad distribution of hydrocarbons. 


Alkylation of Amines by Borrowing 
Hydrogen Methodology 

The limited reactivity of alcohols toward nu- 
cleophiles can be readily overcome upon de- 
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Fig. 6. Acceptorless dehydrogenative coupling reactions that proceed with loss of water. (A) 
Direct synthesis of acetals from alcohols. (B) Synthesis of imines from alcohols and amines. (C) Synthesis of 
pyrazines from amino-alcohols. (D) Synthesis of pyrroles from diols and amines. (E) Three-component 
synthesis of pyrroles. (F) Synthesis of pyrroles from alcohols and amino-alcohols. 
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hydrogenation to the corresponding carbonyl 
compounds, which are amenable to nucleophil- 
ic addition reactions (Fig. 2) (73). Nitrogen- 
containing compounds, ranging from primary 
amines to heterocycles, were obtained using the 
metal-catalyzed, alcohol-borrowing hydrogen 
pathway (Fig. 8) (74). In pioneering work, 
Grigg et al. reported that [RhHH(PPh;)4] catalyzed 
N-alkylation of amines by alcohols (Fig. 8C) 
(75). Murahashi et al. and Tsuji et al. reported 
catalysis by ruthenium complexes for the prepa- 
ration of a range of secondary and tertiary amines 
(76), including indoles (Fig. 8E) (77). Selective 
synthesis of primary amines from ammonia and 
electrophiles is a challenging task, because the 
primary amine intermediate is more nucleophilic 
than ammonia, and it undergoes competing al- 
kylation reactions when conventional alkylating 
reagents such as alkyl halides are used, result- 
ing in a mixture of products. Alkylation of amines 
by the borrowing hydrogen pathway can cir- 
cumvent this problem, and selectivity could be 
reached by a suitable choice of ligands and cat- 
alyst design. For example, primary amines were 
selectively synthesized by our group from pri- 
mary alcohols and ammonia, using the acridine- 
derived ruthenium pincer complex 10 under mild 
conditions and low catalyst loading (Fig. 8A); 
selectivity in this case is enhanced by the steric 
bulk around the metal center, lending preference 
to ammonia coordination. Reactions can also be 
performed using water as reaction medium, re- 
sulting in enhanced selectivity (78). Recently, 10 
was also used as a catalyst for the preparation 
of diamines from the diols derived from vegeta- 
ble oils (79). Secondary alcohols could also be 
employed using different ligands and metal pre- 
cursors (80, 8&/). Secondary and tertiary amines 
were selectively obtained from ammonium salts 
(Fig. 8B) and primary alcohols using an iridium 
complex by Fujita and colleagues (82, 83) and 
Eary and Clausen (84). Beller and co-workers 
developed phosphine ligands that, in combina- 
tion with Ru(0), were effective catalysts for the 
synthesis of tertiary amines (Fig. 8D) (85). In 
general, ruthenium and iridium complexes were 
found to be good catalysts for alkylation of amines 
as well as amides (86). Whereas reaction of am- 
monia and primary amines with carbonyl com- 
pounds proceeds by imine intermediates, use of 
secondary amines leads to the formation of imi- 
nium ion intermediate. Both imine and iminium 
ion intermediates are hydrogenated by the cat- 
alyst using the hydrogen obtained from starting 
alcohols to deliver the primary or secondary and 
tertiary amines, respectively. 

Williams and co-workers have demonstrated 
that borrowing hydrogen tactics can be applied 
in alkylation processes often used in the syn- 
thesis of drugs (Fig. 9A); on the laboratory scale, 
they obtained various pharmaceuticals employing 
alcohols in place of conventional alkyl halides (87). 
Berliner reported the synthesis of PF 03463275, 
a GlyT1 inhibitor developed for the treatment 
of schizophrenia, by applying the borrowing- 
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hydrogen methodology on a multikilogram scale 
(88), with (Cp*IrCl), as catalyst (Fig. 9B). The 
strategic advantage of the borrowing hydrogen 
methodology was also applied in the synthesis of 
natural products such as noranabasamine (89), 
isolated from the dart frog (Fig. 9C). A combina- 
tion of RuUHCl(CO)(PPh;); and xantphos ligand 
was used by Beller and co-workers for the se- 
lective diamination of isosorbide, which is ob- 
tained from p-glucose (8/). The versatility of the 
alkylation of amines by borrowing-hydrogen 
methodology allowed the preparation of pri- 
mary, secondary, and tertiary amines from al- 
cohols, including biomass-derived alcohols 
(3, 85). Because the methodology is already 
being adopted in large-scale synthesis and tol- 
erates various functional groups, it is well on its 
way to displacing the conventional alkylation 
reactions in organic synthesis that rely on alkyl 
halides. 


Alcohols as a Source of Electrophiles 

and Nucleophiles 

Construction of C-C bonds through the borrowing- 
hydrogen concept has been achieved using two 
different approaches, in which the alcohols are 
modified to manifest either electrophilic or nu- 
cleophilic reactivity. Upon alcohol dehydrogena- 
tion, the generated carbonyl compounds can act 
as electrophiles and undergo coupling reactions 
with nucleophiles to generate unsaturated inter- 
mediates; further hydrogenation by using hydro- 
gen borrowed from the alcohols in the first step 
provides the product of the net redox-neutral 
tandem process (Fig. 10A). In contrast, dehydro- 
genation of secondary alcohols in the presence of 
a base can tum the resulting electrophilic carbonyl 
compounds into nucleophilic enolates, which can 
react with electrophiles through the B-carbon center 
(Fig. 10B). Like amine alkylation by borrowing- 
hydrogen methods (C—N bond formation), several 
different types of carbon nucleophiles can be used 
for C-C bond formation by this strategy. Grigg 
reported early examples of C-C bond formation 
through borrowing hydrogen in which aryl aceto- 
nitriles were alkylated by primary alcohols using 
ruthenium and rhodium catalysts and a stoichio- 
metric base (90); other metal catalysts and nu- 
cleophiles were employed later (9/). Williams 
and co-workers devised efficient alkylation meth- 
ods of carbon nucleophiles catalyzed by ruthe- 
nium and iridium complexes using low catalyst 
loading. For example, an active methylene com- 
pound was alkylated (92) by benzyl alcohol 
using RuH>(CO)(PPh3); and xantphos ligand in 
very good yield (Fig. 10C). Recently, oxindole 
was also alkylated by the borrowing-hydrogen 
method (93). Use of [Ir(cod)Cl], + PPh; al- 
lowed Obora and Ishii to perform such reactions 
without an additional base at elevated tempera- 
ture (94). The borrowing-hydrogen approach 
can also be applied to the Wittig reaction in which 
the alcohol functions as a surrogate to alde- 
hydes (Fig. 10D) (95). Amine products can also 
be obtained from the aza-Wittig reaction (96). 
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B-alkylation of alcohols was achieved using irid- 
ium and ruthenium catalysts (Fig. 10, E and F) 
(97, 98). In addition, upon dehydrogenation, amines 
can also give rise to electrophilic reactivity and 
can undergo self-coupling or coupling reactions 
with other amines (74). 

Unlike the borrowing-hydrogen strategies de- 
scribed in Fig. 10, A and B, C—C coupling can 
also be achieved without using preformed nucleo- 
philes. Bower and Krische developed reactions 
that involve alcohols and partially unsaturated 
substrates such as alkenes, dienes, alkynes, and 
allenes (99), which result in products of formal 
alcohol a-C-H functionalization (Fig. 2D). This 
strategy involves alcohol dehydrogenation to 
generate a metal-hydride intermediate that adds 
to the unsaturated substrate, generating a nucleo- 
philic intermediate capable of aldehyde addition 


[Ru(p-cymene)Clo]> (1.25 mol%) 
dppf (2.5 mol%) 
Toluene, reflux, 24h 


reactions. Very recently, Krische and co-workers 
also uncovered an altemative mechanism for such 
C-C bond formation (/00). Excellent stereose- 
lectivities were achieved in several transforma- 
tions; for example, a catalyst generated in situ 
from RuH.(CO\PPhs)s, a diphosphine and a chiral 
acid catalyzes anti-diastereoselective and enantio- 
selective C-H crotylation of primary alcohols 
(Fig. 10G) (707). 


Outlook 

AD is a rapidly growing area, propelled by the 
profound influence of fundamental organome- 
tallic chemistry, in part based on metal-ligand 
cooperation. This has led to reactions such as 
the dehydrogenative coupling of amines with al- 
cohols to form amides, peptides, and polyamides 
under neutral conditions with liberation of hy- 
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Fig. 9. Application of the borrowing hydrogen methodology. (A) Laboratory synthesis of various 
pharmaceuticals. (B) Demonstration on multi-Kg scale. (C) Application in total synthesis of a natural product. 
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drogen gas and no waste generation. The related 
dehydrogenation reactions that do not evolve 
hydrogen gas—namely the borrowing-hydrogen 
methodology and the coupling of redox pairs 
via intermediate generation of nucleophiles and 
electrophiles—allow construction of both C-N 
and C-C bonds from alcohols and provide effi- 
cient, atom-economical access to an assortment of 


useful products. The strides made thus far exem- 
plify the power of dehydrogenation as an activation 
tactic by generation of more reactive unsaturated 
intermediate compounds, which can then couple 
in situ with other substrates and provide effec- 
tive catalytic processes under mild, environmen- 
tally benign conditions. As AD is increasingly 
applied in transformations of complex and bio- 
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Fig. 10. C-C bond formation using alcohols as sources of electrophiles and nucleophiles. (A) 


Borrowing hydrogen strategy for C-C bond formation, in which the alcohol transformed into an electrophilic 


intermediate. (B) Borrowing hydrogen strategy for B-alkylation, in which the alcohol is transformed into a 


nucleophilic intermediate. (C and D) Typical examples of the strategy shown in (A). (E and F) Typical 


examples of the strategy shown in (B). (G) A nucleophilic intermediate is generated from the alkene: 
enantioselective C—H functionalization of primary alcohols. 
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renewable molecules, we feel that many addi- 
tional useful applications are bound to unfold. 
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Tight Coordination of Protein 
Translation and HSF1 Activation 
Supports the Anabolic Malignant State 
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Introduction: Ribosome biogenesis is commonly up-regulated to satisfy the increased anabolic 
demands associated with malignant transformation and tumor growth. Many different oncogenic sig- 
naling pathways converge on the ribosome to increase translational flux. Despite the detailed under- 
standing of ribosome regulation in cancer, it is not clear whether the net translational activity of the 
ribosome can itself regulate transcriptional programs that support and promote the malignant state. 


Methods: To investigate the transcriptional effects of modulating translational activity in malignant 
cells, we used integrated chemical and genetic approaches, including a gene signature-based genetic 
and chemical screen of more than 600,000 gene expression profiles (LINCS database) and an indepen- 
dent, reporter-based chemical screen of more than 300,000 compounds. A lead compound was tested 
in several cell lines unified by their increased dependence on HSF1 activation for growth and survival, 
and in an in vivo cancer model. 


Results: Inhibiting translation led to large changes in the transcriptome. The single most enriched 
category consisted of genes regulated by the heat-shock transcription factor, HSF1. The most down- 
regulated mRNA was HSPA8, which encodes the constitutive HSP70 chaperone that helps to fold 
nascent polypeptides. The expression of many other genes that HSF1 coordinates to support cancer 
was also strongly affected. HSF1 protein levels were unchanged, but HSF1 DNA occupancy was nearly 
eliminated. Inhibition of the HSF1-regulated gene expression program is thus a dominant transcrip- 
tional effect elicited by inhibiting protein translation. 

Using a gene signature of HSF1 inactivation to query the LINCS database revealed a strong con- 
nection between HSF1 inactivation and perturbations that inhibit protein translation, including a 
broad spectrum of chemical and genetic interventions that target the ribosome, eukaryotic initiation 
factors (elFs), aminoacyl tRNA synthetases, and upstream signaling/regulatory pathways that control 
translation. 

Our high-throughput small-molecule screen identified rocaglamide A, an inhibitor of translation 
initiation, as the strongest inhibitor of HSF1 activation. An analog of this compound, RHT, increased 
thioredoxin-interacting protein (TXNIP) mRNA and protein levels and decreased glucose uptake and 
lactate production. Cell-based cancer models characterized by high dependence on HSF1 activation 
for growth and survival were highly sensitive to RHT, as were cells derived from diverse hematopoietic 
malignancies. RHT had a strong antitumor effect—with marked inhibition of HSF1 activity and glucose 
uptake—against xenografted acute myeloid leukemia cells. 


Discussion: The ribosome functions as a central information hub in malig- 
nant cells: Translational flux conveys information about the cell's metabolic 
status to regulate the transcriptional programs that support it. Multiple unbi- 
ased chemical and genetic approaches establish HSF1 as a prime transducer 
of this information, centrally poised to regulate the transcription of genes that 
support protein folding, biomass expansion, anabolic metabolism, cellular pro- 
liferation, and survival. Targeting translation initiation may offer a strategy for 
reversing HSF1 activation, disabling metabolic and cytoprotective pathways in 
malignant cells. 


HSF1 at the crossroads of protein translation and metabolism. (Left) Cancers 
activate an HSF1-regulated transcriptional program to adapt to the anabolic demands of 
relentless biomass expansion. Glucose uptake increases, and expression of TXNIP, an 
inhibitor of glucose uptake, drops. (Right) Down-regulating translation with rocaglate 
scaffold initiation inhibitors reverses cancer-associated HSF1 activation. Glucose uptake 
drops as TXNIP levels rise. 
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Tight Coordination of Protein 
Translation and HSF1 Activation 
Supports the Anabolic Malignant State 


Sandro Santagata,*”>* Marc L. Mendillo,*** Yun-chi Tang,**+ Aravind Subramanian,° 
Casey C. Perley,** Stéphane P. Roche,’ Bang Wong,° Rajiv Narayan,° Hyoungtae Kwon,°’* 
Martina Koeva,** Angelika Amon,*° Todd R. Golub,® John A. Porco Jr.,” 


Luke Whitesell,?+ Susan Lindquist?“ 


The ribosome is centrally situated to sense metabolic states, but whether its activity, in turn, 
coherently rewires transcriptional responses is unknown. Here, through integrated chemical-genetic 
analyses, we found that a dominant transcriptional effect of blocking protein translation in 
cancer cells was inactivation of heat shock factor 1 (HSF1), a multifaceted transcriptional regulator 
of the heat-shock response and many other cellular processes essential for anabolic metabolism, 
cellular proliferation, and tumorigenesis. These analyses linked translational flux to the regulation 
of HSF1 transcriptional activity and to the modulation of energy metabolism. Targeting this link 
with translation initiation inhibitors such as rocaglates deprived cancer cells of their energy and 
chaperone armamentarium and selectively impaired the proliferation of both malignant and 
premalignant cells with early-stage oncogenic lesions. 


egulation of ribosome activity is crit- 
R« for supporting cellular prolifera- 

tion. In cancer, ribosome biogenesis is 
commonly increased to satisfy the increased 
anabolic demands associated with malignant 
transformation and tumor growth (/—4). In ad- 
dition, many different oncogenic signaling path- 
ways converge on the ribosome to modulate 
its function (5, 6). These inputs are integrated, 
and the net ribosomal translational activity is 
tuned to reflect the metabolic and proliferative 
state of the cell. Despite the detailed under- 
standing of ribosome regulation in cancer, it is 
not well understood whether the net trans- 
lational activity of the ribosome can itself be 
conveyed to regulate transcriptional programs 
that support and promote the malignant state. 
Is a coherent and coordinated transcriptional 
response triggered by modulating translation 
activity? 
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Results 


Inhibiting Translational Flux Inactivates HSF1 

To investigate the transcriptional effects of re- 
ducing translational flux through the ribosome in 
malignant cells, we analyzed the mRNA expres- 
sion profiles of breast cancer cells after treatment 
with various inhibitors of translation elongation 
(anisomycin, emetine, cephaeline, and cyclohex- 
imide). Large changes in the transcriptome were 
highly correlated across all four inhibitors [Pearson 
correlation coefficient (7) between 0.85 to 0.97 
for all pairwise correlations]. The most strongly 
enriched category consisted of genes regulated 
by promoters that contain DNA binding motifs 
for the heat-shock transcription factor known as 
heat shock factor 1 (HSF1) (P = 9.87 « 10°”) 
(Fig. 1A and table $1). Of the 13,258 genes mea- 
sured, the single most down-regulated mRNA 
was HSPA8, which encodes a constitutive HSP70 
chaperone that folds nascent polypeptides as they 
emerge from the ribosome (Fig. 1B and table S2) 
(7). HSPAIA, a cancer-induced HSP70 gene, was 
also among the 10 most down-regulated mRNAs. 
This transcriptional response suggested that re- 
duced translational flux causes a profound shift in 
the activity of HSF1. 

In a wide range of cancers, HSF1 regulates a 
transcriptional network that is distinct from the 
conventional network activated by thermal stress 
(8). This cancer network includes many classic 
“heat-shock” genes. But, it also includes a broad 
cadre of other genes that play critical roles in ma- 
lignancy, some of which are positively regulated 
by HSF1 and some negatively regulated. All four 
inhibitors of translation elongation affected genes 
in the HSFI cancer network (P= 0.016) (Fig. 1C 
and fig. S1). Genes that are positively regulated 
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by HSF1 were down-regulated when translation- 
al flux through the ribosome was reduced. These 
genes included drivers of cell proliferation and 
mitogenic signaling (such as CENPA, CKS/B, and 
PRKCA), transcription and mRNA processing 
(such as LSM2 and LSM4), protein synthesis 
(such as FXR/ and MRPL/8), energy metabolism 
(such as MAT2A, SLC5A3, PGK1, MBOAT7, and 
SPR), and invasion/metastasis (such as EMP2 and 
LTBP1). In a complementary fashion, genes that 
are negatively regulated by HSF 1 were up-regulated 
when translational flux through the ribosome was 
reduced. These included genes that promote dif- 
ferentiation (such as NOTCH2NZ), cellular adhe- 
sion (such as EFEMP] and LAMAS), and apoptosis 
(such as BCL10, CFLAR, and SPTAN1). 

This effect of translation inhibition on HSF1- 
regulated transcription led us to examine the 
genome-wide pattern of DNA occupancy by HSF1 
in breast cancer cells. After a 6-hour exposure to 
cycloheximide, we performed chromatin immu- 
noprecipitation coupled with massively parallel 
DNA sequencing (ChIP-Seq) using a previously 
validated antibody against HSF1 (8). Despite cy- 
cloheximide treatment, HSF1 protein levels them- 
selves remained unchanged (Fig. 1D). In contrast 
to DNA occupancy by RNA-polymerase II (which 
was not globally reduced), HSF1 occupancy was 
nearly eliminated (Fig. 1, E to G, fig. S2, and table 
$3). This held true for genes that were either 
positively or negatively regulated by HSF 1, as well 
as for genes shared with the classic heat-shock 
response and genes specific to the HSF1 cancer 
program (table $3). Together, these data pointed 
to a link between the activity of the ribosome and 
the activity of HSF1. 


LINCS Establishes Translation as a Potent 
Regulator of HSF1 in Cancer Cells 

To further investigate the link between the HSF1 
activity and translational program, we turned to an 
expression-profiling resource created by the Li- 
brary of Integrated Network-based Cellular Sig- 
natures (LINCS) program (Fig. 2 and supplementary 
materials, materials and methods). The LINCS 
database is a large catalog of gene-expression 
profiles collected from human cells treated with 
chemical (small-molecule) and genetic [short hair- 
pin RNA (shRNA)] perturbations. 

We generated a query signature for HSF1 in- 
activation from expression profiles of breast can- 
cer cells that had been treated with HSF1 shRNAs 
(supplementary materials, materials and methods) 
(8). This signature included both genes that were 
up-regulated by HSF1 inactivation and down- 
regulated by HSF1 inactivation. We compared our 
HSFI1 query signature with LINCS expression 
profiles from nine cell lines that are currently the 
most extensively characterized in this database 
(Fig. 2A). Eight of these are cancer lines of di- 
verse histopathologic origin. These lines have been 
treated individually with 3866 small-molecule com- 
pounds or 16,665 shRNAs targeting 4219 genes. 
The compounds used for these gene expression 
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profiles encompassed U.S. Food and Drug Ad- 
ministration (FDA)-approved drugs and known 
bioactives. The shRNAs used were directed against 
the known targets of these compounds, against 
genes in related pathways, or against other genes 
that have been implicated in a variety of human 
diseases. In all, we compared our HSF1 signa- 
ture with 161,636 LINCS signatures, each gen- 
erated from at least three replicates (for a total of 
614,216 profiles.) 

As expected, the LINCS perturbations that 
negatively correlated with our HSF 1 inactivation 
signature were enriched for known activators of 
HSF1. They included shRNAs that target com- 
ponents of the proteasome. They also included 
compounds that inhibit the proteasome and that 
inhibit HSP90 (Fig. 2, B and C and table S4). 

The LINCS perturbations that positively cor- 
related with our HSF 1 inactivation signature were 
most highly enriched for translation inhibitors 
(cephaeline, cycloheximide, and emetine) (Fig. 2, 
B and C, and table $4). These perturbations were 
also highly enriched for compounds that target 
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Fig. 1. Inhibiting protein transla- 
tion inactivates HSF1. (A) Gene set 
enrichment analysis was performed 
by using the MSigDB web service re- 
lease version 3.84 (www.broadinstitute. 
org/gsea/index.jsp) on genes nega- 
tively regulated in breast cancer cells 
following a 6-hour incubation with in- 
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signaling pathways that regulate protein transla- 
tion: phosphatidylinositol 3-kinase (PI3Kinase)/ 
mammalian target of rapamycin (mTOR) inhib- 
itors (Fig. 2B and table S4). Of the nearly 200 
gene ontology classes analyzed, the ribosome sub- 
unit family was the single most enriched (Fig. 2, 
B and C, and table S4). In addition, eukaryotic 
initiation factors (eIFs) and aminoacyl tRNA 
synthetases were also highly enriched. This un- 
biased analysis using the LINCS database dem- 
onstrates the connection between translational flux 
and the function of HSF1 in cancer. 


An Unbiased High-Throughput Chemical 
Screen for HSF1 Inhibitors 

To find alternate ways to inhibit HSF1, we per- 
formed a large high-throughput chemical screen. 
We screened 301,024 compounds through the 
U.S. National Institutes of Health (NIH) Molec- 
ular Libraries Probe Center Network (MLPCN; 
Pubchem AID, 2118) (Fig. 3A) using an HSF1- 
regulated reporter driven by consensus heat-shock 
elements (HSEs). To accommodate constraints of 
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the high-throughput 384-well format (supplemen- 
tary materials, materials and methods), we used 
a reporter cell line stably transduced with a 
luminescence-based reporter and induced HSF1 
activation with a simple proteotoxic stressor (the 
proteasome inhibitor MG132). 

Approximately 2500 hit compounds from the 
primary screen, which blocked induction of the 
reporter, were then counter-screened with an in- 
dependent dual reporter cell line (Fig. 3B) so as 
to eliminate nonselective inhibitors. This second 
line had been stably transduced with two constructs, 
one encoding a green fluorescent protein (GFP) 
driven by HSEs and the other encoding a red flu- 
orescent protein (RFP) driven by a doxycycline- 
regulated control promoter. Compounds that 
selectively inhibit HSF1 activity should suppress 
GFP expression in this cell line but should not 
suppress doxycycline-mediated induction of RFP. 
Notably, compounds that are thought to selec- 
tively inhibit HSF 1—such as triptolide, quercetin, 
KNK423, and KNK437 (9)—all suppressed 
both reporters (fig. $3). Thus, these compounds 
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hibitors of protein translation elongation. Selected results are displayed; 
complete GSEA results are provided in table $1. (B) Scatter plot of levels of 
mRNA transcripts (log2) after a 6-hour incubation with the indicated inhibitors 
of protein translation elongation versus control dimethyl sulfoxide (DMSO). The 
levels of HSPA1A and HSPA8 are indicated for each elongation inhibitor. (C) 
Translation elongation inhibitors alter the basal transcriptional program of 
HSF1 in breast cancer cells. Genes bound by HSF1 in MCF7 were ranked by 
their differential expression between cells treated with translation elongation 
inhibitors (TI) and control DMSO (D). Each column represents a gene and is 
normalized across the column, with high expression in red and low expression 
in blue. (D) An immunoblot shows the levels of HSF1 protein and the loading 
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control tubulin after a 6-hour exposure to the indicated concentrations of 
cycloheximide (CHX). (E) Heat map of RNA polymerase II ChIP-Seq read density 
in MCF7 cells that were treated with DMSO or 10 1M CHX for 6 hours. Genomic 
regions from —2 kb to +2 kb relative to the transcription start site for all RefSeq 
genes are shown. (F) Heat map of HSF1 ChIP-Seq read density in MCF7 cells that 
were treated with DMSO or 10 uM CHX for 6 hours. Genomic regions from 
—1 kb to +1 kb relative to the peak of HSF1 binding for all HSF1-enriched 
regions (union of all HSF1-enriched regions in the four data sets depicted 
here) are shown. (G) Representative genes bound by HSF1 in MCF7 cells (HSPA8, 
HSPAIA, CKS2, and RBM23). The x axis depicts from —2kb from the transcription 
start site (TSS) to 5 kb from the TSS for each gene. 
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are far less specific for HSF1 than commonly 
assumed. 

More to the point, the chemical screen results 
also suggested a link between HSF1 activation and 
the translation machinery. By far the most potent 
and selective hit to emerge from the 301,024 
compounds we tested was the rocaglate known 
as rocaglamide A [median inhibitory concentra- 
tion (ICs9) of ~50 nM for the heat shock reporter 
versus ICs >1000 nM for the control reporter] 
(Fig. 3C). This natural product inhibits the func- 
tion of the translation initiation factor eIF4A, a 
DEAD box RNA helicase (/0, //). Presumably, 
it passed counterscreening in our secondary assay 
with the dual reporter system because translation 
of the doxycycline-regulated RFP control does 
not require the classical cap-dependent initiation 
complex. 

To define structure-activity relationships for 
inhibition of the HSE reporter by rocaglamide A, 
we used our dual reporter system to test 38 


additional rocaglates (fig. S4). These included 
both natural products and totally synthetic ana- 
logs prepared with photocycloaddition methods 
(/2, 13). Five hydroxamate analogs were more 
potent than rocaglamide A at inhibiting the HSE 
reporter while retaining similar selectivity (table 
$5). The most potent inhibitor had an ICs9 of 
~20 nM (table $5). We named this compound 
[previously reported as “8e” (/3)] Rohinitib (or 
RHT), for Rocaglate Heat Shock, Initiation of 
Translation Inhibitor. 


Characterizing the Effects of RHT on 

Cancer Cells 

To validate findings from our engineered reporter 
system, we measured the effects of RHT on the 
basal expression of several endogenous HSF1- 
regulated transcripts (Fig. 3D and figs. S5 and 
S6). RHT did not reduce the transcript levels of 
the control housekeeping genes B2M and GAPDH. 
Nor did it reduce the transcript levels of HSF/ 
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itself (Fig. 3D and fig. S6A). However, mRNA 
levels of Hsp40 (DNAJAI) and Hsp70 genes 
(HSPA1B and HSPA8) dropped substantially. The 
most dramatically affected was the constitutively 
expressed HSP48 gene (>90% reduction) (Fig. 
3D). This was also the gene that we had found 
to be the most strongly repressed by translation 
elongation inhibitors (Fig. 1B). 

The effects of RHT were not due to reductions 
in HSF1 protein levels, which remained constant 
(Fig. 3E and fig. S6B). The sharp decrease in 
HSP70 mRNA levels in response to RHT held 
true across a histologically diverse panel of hu- 
man cancer cell lines (MCF7, breast adenocarci- 
noma; MO91, myeloid leukemia; CHP100, sarcoma; 
and HeLa, cervical carcinoma) as well as in ar- 
tificially transformed 293T kidney cells (Fig. 3D 
and fig. S6, A and C). RHT had a much smaller 
effect on HSP70 mRNA levels in proliferating 
but nontumorigenic diploid cells (W138 and IMR90) 
(fig. S6C). 
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Fig. 2. LINCS analysis reveals that targeting protein translation in- 
activates HSF1. (A) Schematic representation of the LINCS analysis used 
to identify chemical and genetic modulators that are correlated with HSF1 
inactivation (supplementary materials, materials and methods). Pink repre- 
sents genes whose levels increase, and green represents genes whose levels 
decrease, after shRNA-mediated knockdown of HSF1. (B) GSEA results of our 
HSF1 inactivation signature LINCS analysis. Perturbation signatures were rank- 
ordered by connectivity with the HSF1 inactivation signature, and enrichment 
was determined for KEGG pathway gene sets and ATC chemical classes (de- 
tails are available in the supplementary materials, materials and methods). 
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Normalized enrichment score (NES) of selected results are plotted (complete 
GSEA results are provided in table $4). (C) Barcode plot of the connectivity 
score of all of the individual perturbations comprising the indicated enriched 
chemical or gene sets. The bagel plot in the center of the barcode plot 
summarizes the positive, negative, and null (not connected) fractions for the 
indicated enriched class. All perturbations that are positively or negatively 
connected for the indicated enriched classes are shown. Total perturbations in 
each class are indicated on the right of the plot. Blue represents negatively 
connected, and red represents positively connected, classes of enriched 
perturbations. 
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To obtain a more direct and global view of 
RHT’s effects on HSF1 activity, we examined 
genome-wide promoter occupancy by means of 
ChIP-Seq analysis. RHT virtually abolished HSF1 
binding throughout the genome (Fig. 4, A and B; 
fig. S6D; and table S3). As had occurred with 
cycloheximide, RHT affected both genes that are 
positively regulated by HSF1 and genes that are 
negatively regulated by HSF1 (Fig. 4A). Further- 
more, it affected both classic heat-shock genes 
and genes specific to the HSF1 cancer program 
(table $3). The effects on HSF1 DNA occupancy 
occurred at concentrations of cycloheximide and 
RHT that inhibit the ribosome activity to a sim- 
ilar extent (Fig. 4C). 


Rocaglates Modulate Tumor Energy Metabolism 
While characterizing the effects of RHT on the 
transcriptome, we noted that treated cells failed to 
acidify the culture medium (detected incidentally 
by the color of the pH indicator phenol red in- 
cluded in standard media). This suggested a re- 
versal of the “Warburg effect,” a metabolic shift 
responsible for increased lactic acid production 
by many cancers. Genetic compromise of HSF1 
drives a shift in metabolism in both cell culture 
and animal models (/4, /5). Hence, this effect of 
RHT is consistent with inactivation of HSF 1. 
Our mRNA expression profiling of rocaglate- 
treated breast cancer cells also revealed that 
mRNA levels for thioredoxin-interacting protein 
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(TXNIP) were up-regulated. TXNIP is a power- 
ful negative regulator of glucose uptake and is a 
well-established regulator of cellular energy status 
(/6, 17). Its expression is dramatically reduced 
in malignant cells, leading to increased glucose 
uptake (/8). Conversely, increasing TXNIP lev- 
els leads to reduced glucose uptake (/6). The in- 
duction of TXNIP mRNA by RHT was observed 
across a diverse panel of tumor cell lines (Fig. 5A). 
TXNIP protein levels also increased sharply de- 
spite a marked reduction in the levels of other 
short-lived proteins, such as p53 (Fig. 5B). Al- 
though we did not detect HSF1 bound to the 
TXNIP locus, HSF1 null cells showed higher 
levels of TXNIP (fig. S7). In addition, HSF1 did 
directly regulate a group of other genes involved 
in energy metabolism (including MAT2A, SLCSA3, 
and PGK/). At a functional level, the effects of 
RHT were associated with concentration-dependent 
reductions in both glucose uptake and lactate 
production (Fig. 5C). Thus, the effects of RHT on 
protein translation, HSF1 activation, and energy 
metabolism—processes lying at the core of the 
anabolic state of cancer—appear to be coordinated. 


Rocaglates Selectively Target Pre-Malignant 
Cells with Early-Stage Oncogenic Lesions 
Does this tight coordination create vulnerabilities 
for the malignant phenotype that could be ex- 
ploited as a therapeutic strategy? We looked at a 
range of cell-based cancer models unified by their 
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increased dependence on HSF1 activation for 
growth and survival. Although it occurs very 
early during oncogenesis, simple loss of the tu- 
mor suppressor Nf7 leads to an increase in HSF1 
protein levels, nuclear localization, and transcrip- 
tional activation (/9). We treated mouse embryonic 
fibroblasts (MEFs) in which Nfl was knocked 
out and wild-type littermate control MEFs in 
which HSF1 was not activated, with either RHT 
or with cycloheximide. The two cell types were 
similarly sensitive to cycloheximide. However, 
Nfl-null MEFs were more sensitive than were 
wild-type MEFs to RHT (Fig. 6A). In this model 
for an early event in tumorigenesis, targeting trans- 
lation initiation rather than translation elongation 
seems to provide a more selective, better tolerated 
approach for disrupting the link between trans- 
lation and HSF 1 activation. 

A second engineered system allowed us to ask 
whether rocaglates would selectively inhibit the 
growth of cells carrying a simple chromosomal 
aberration that models another common early event 
in the development of cancer: aneuploidy. Chro- 
mosomal imbalances lead to both increased ener- 
gy and proteotoxic stress. This is reflected by the 
elevation of the HSF1-regulated chaperone pro- 
tein HSP72, encoded by HSPA1A (20). We isolated 
MEFs from mice carrying Robertsonian fusions 
for chromosome 13 (2/). These MEFs (TS13) car- 
ry a single extra copy of 120 Mb of chromosome 
13, introducing an additional copy of 843 genes. 
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Fig. 3. Chemical screens reveal that targeting 
translation control inactivates HSF1. (A) Flow- 
chart outlining the steps in the high-throughput 
MLPCN screen for inhibitors of HSF1 activation. (B) 


Schematic of dual-reporter cell line used to counter-screen primary screen hits. GFP expression is regulated by a heat shock—inducible promoter. RFP expression 
is regulated by a doxycycline response element (TetR). (C) Effect of rocaglamide A on the HSE-driven GFP and doxycycline-driven RFP signals after incubation 
with 2.5 mM MG132 and 2 yg/ml doxycycline. Chemical structure of rocaglamide A is displayed in the inset. Error bars indicate mean + SEM of quadruplicates. 
(D) Effect of RHT on HSF1-regulated and control endogenous mRNA transcript levels in MO-91 leukemia cells measured by means of nanostring nCounter after a 
6-hour incubation with indicated concentrations of RHT. Levels of endogenous transcript are shown as percent of DMSO-treated control. Mean of duplicates are 
reported. (E) HSF1 protein levels are not affected in MO-91 leukemia cells treated with RHT. Immunoblot shows the levels of HSF1 protein and the loading control 


(Tubulin) after a 6-hour exposure to the indicated concentrations of RHT. 
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Cycloheximide, as well as conventional cy- 
totoxic chemotherapeutics (taxol and hydroxyurea), 
inhibited the growth of both trisomic and litter- 
mate control MEFs to an equal extent (Fig. 6B 
and fig. S8). But, trisomic MEFs (P < 0.0001) were 
more sensitive than wild-type MEFs to RHT 
(Fig. 6B). Thus, again in this model for an early 
neoplastic change that activates HSF1, targeting 
translation initiation seems to provide a better 
tolerated, more selective approach for targeting 
the malignant state. 

HSF1 activation is even more prominent in 
advanced malignancies (8, 22, 23). For example, 
colon cancers frequently show immunohistochem- 
ical evidence of strong HSF1 activation (Fig. 6C) 
and this correlates with poor clinical outcome (8). 
We mined publicly available expression profiling 
from colon cancer lines with highly aneuploid 
karyotypes [chromosomal instability (CIN)] and 
from colon cancer lines with near-euploid kar- 
yotypes but microsatellite instability (MIN). The 
CIN lines expressed markedly higher levels of 
HSPA1A, which is consistent with greater levels 
of proteotoxic stress and greater activation of the 
HSF 1-regulated cancer program (Fig. 6, D and 
E). Next, we tested several patient-derived colon 
cancer lines with CIN and several patient-derived 
colon cancer lines with MIN for sensitivity to 
inhibition by RHT. The CIN lines were much 
more sensitive than were the MIN lines. Non- 
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transformed colon epithelial cell lines with eu- 
ploid chromosome content were the least sensitive 
of all the lines we tested (Fig. 6F). 


Rocaglates Suppress the Growth of Cancer 
Cells and Tumors 
Some rocaglates have previously been shown to 
exert profound anticancer activity (/0, 24-26). 
We tested RHT against a collection of cell lines 
including nontransformed diploid lines and 
cancer cell lines with diverse histopathological 
origins and oncogenic lesions (Fig. 7A). The non- 
transformed cell lines were relatively resistant to 
RHT (ICsp from 100 to 300 nM). All cancer cell 
lines were sensitive to RHT (ICsp < 30 nM); the 
hematopoietic tumor cell lines were especially 
sensitive (ICs) < 6 nM). We used one of these 
hematopoietic tumor lines, the M0-91 cell line 
originally derived from a patient with acute mye- 
loid leukemia (27), to further characterize the 
effects of RHT. RHT strongly suppressed HSPAS 
mRNA levels in MO-91 cells and induced TXN/P 
mRNA (Fig. 7B). In addition, RHT sharply de- 
creased glucose uptake by these cells (Fig. 7C). 
Are the effects of RHT in cell culture achiev- 
able at drug exposures that are systemically tol- 
erable in animals? To directly address this critical 
issue of therapeutic index, we first used standard 
in vitro assays to test whether RHT had suffi- 
ciently drug-like properties to justify testing in 
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mice (fig. S9). We assessed aqueous solubility, 
plasma stability, plasma protein binding, hepatic 
microsome stability, and cellular permeability 
(fig. S9A). No severe liabilities were found. We 
next established minimally toxic parameters for 
dosing mice with RHT and performed a plasma 
pharmacokinetic study after administration of 
1 mg/kg subcutaneously (fig. S9, B and C). Peak 
plasma levels were far in excess of those required 
for the key biological activities we had demon- 
strated in cell culture. Moreover, levels required 
for anticancer activity in vitro were maintained in 
excess of 2 hours in vivo. 

We next established subcutaneous tumor xeno- 
grafts of the human myeloid leukemia cell line 
M091 in nonobese diabetic (NOD)-severe com- 
bined immunodeficient (SCID) immunocompro- 
mised mice. When the mean tumor volume reached 
100 mm’, we administered RHT at | mg/kg for 4 
consecutive days each week for 3 weeks (Fig. 7D). 
Over the treatment period, there was no evidence 
of gross systemic toxicity (fig. S9D). RHT mediated 
marked, sustained inhibition of the growth of this 
very aggressive myeloid malignancy (Fig. 7D). 

We then pursued pharmacodynamics studies. 
Mice bearing xenografts were given a single dose 
of RHT. Tumors were explanted 4 hours later, 
and HSPA48 and TXNIP mRNA levels were deter- 
mined by means of reverse transcription polymer- 
ase chain reaction (RT-PCR) (Fig. 7E). Similar to 
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Fig. 4. Inhibiting translation 
initiation with rocaglates 
ablates HSF1 DNA binding. 
(A) Heat map of HSF1 ChIP- 
Seq read density in MO-91 cells 
that were treated with DMSO, 
20 nM RHT, 100 nM RHT, or 
10 uM CHX for 6 hours. Ge- 
nomic regions from —1 kb to 
+1 kb relative to the peak of 
HSF1 binding for all HSF1 en- 
riched regions (union of all 
HSF1-enriched regions in the 
seven data sets depicted here) 
are shown. (B) Representative 
HSF1-bound genes in MO-91 
cells (HSPA8, HSPA1B, CKS2, 


10 20 
CHX (uM) 


and RBM23). The x axis depicts from —2 kb from the transcription start site (TSS) to 5 kb from the TSS for each gene. (C) Autoradiograph of S35-labeled protein 
lysates from MCF7 cells treated for 6 hours with the indicated concentrations of RHT or CHX. Graphs show the counts per minute from acetone precipitation of 
proteins in each sample, quantitated by using a scintillation counter. 
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the effects we observed in cell culture, RHT caused 
a strong decrease in HSPA8 transcript levels and a 
strong increase in TXNIP transcript levels. In a 
separate experiment, we monitored the uptake of 
fluorescently labeled 2-deoxyglucose 48 hours 
after RHT dosing. RHT strongly suppressed uptake 
of this glucose analog by these tumors (Fig. 
7F). Clearly, the effects of RHT achieved in cell 
culture could also be achieved in whole animals. 


Discussion 


HSF1 provides essential support for the malig- 
nant state by blocking apoptotic responses and 
promoting protein synthesis, anabolic energy 
metabolism, mitogenic signaling pathways, and 
pathways that facilitate invasion and metastasis 
(8, 14, 15, 19, 23, 28-30). Here, we show that the 
ability of HSF1 to maintain this cancer program 
is exquisitely sensitive to translational activity. 

Our work establishes that the ribosome could 
function as a central information hub: Transla- 
tional flux conveys information about the cell’s 
metabolic status to regulate the transcriptional 
programs that support it. The specific molecular 
mechanisms are likely to be multifaceted, but HSF1 
is clearly a linchpin in this process. One plausible 
mechanism for the effects of translation inhibitors 
on HSF1 activity could involve the translation of 
mRNA for a modifier of HSF1 transcriptional 
activity that is sensitive to subtle changes in trans- 
lation activity, involving eIF4A and/or other initia- 
tion factors. Because HSF 1 regulates the expression 
of genes encoding for ribosomal subunits and 
other regulators of translation (8, /5, 3/), the ex- 
istence of a feedforward regulatory circuit involv- 
ing the protein translation machinery and HSF1 
is also possible. 

HSF1 is centrally poised to support protein 
folding and biomass expansion as well as many 
other functions to which malignant cells are 
addicted (8, /4, 15, 32). We postulate that the 
translation/HSF1 link we have uncovered in 
cancer may derive from ancient systems geared 
to align and synchronize essential cellular func- 
tions for growth and survival. In comparison, in the 
nematode HSF1 is a longevity factor, and in yeast 
it is an essential gene that participates in cotransla- 
tional quality control (33-35). 

In man, the translation/HSF1 link is particu- 
larly important in supporting the malignant phe- 
notype because it can respond to varied metabolic 
inputs that are commonly dysregulated in cancer 
(5, 6, 36-38). This translation/HSF 1 link allows 
these metabolic inputs to bolster the cytoprotec- 
tive milieu, helping tumor cells to accommodate 
the drastic internal imbalances arising during on- 
cogenesis as well as the severe external stresses 
arising from therapeutic interventions (39). The 
tight coordination of protein translation and HSF1 
activation, together with the many ways that cells 
integrate the derangements of malignancy with 
translational activity, suggests that unifying prin- 
ciples drive HSF1 activation across the extraor- 
dinarily wide range of human cancers in which 
that activation occurs (8, 22). 
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Although cancer cells often co-opt powerful, 
adaptive nononcogene systems for their benefit 
(40), it now appears that by co-opting the link be- 
tween the ribosome and HSF1, cancers become 
especially vulnerable to agents that target transla- 
tion and its upstream regulatory pathways. In this 
regard, our animal experiments suggest that tar- 
geting translation initiation may offer a strategy 
for reversing HSF | activation and disabling the 
metabolic and cytoprotective addictions of ma- 
lignant cells. 


Materials and Methods 


Cell Lines 

WI38, CHP100, HeLa, 293T, PC3, MCF7, and 
NIH3T3 cells were purchased from American 
Type Culture Collection (ATCC). Immortalized 
Nfl knockout MEFs and littermate wild-type con- 
trol MEFs were kind gifts from K. Cichowski. 
Littermate-derived euploid and trisomic primary 
MEFs were described previously (20). RHT treat- 
ments experiments were performed by using chro- 
mosome 13 trisomic cell lines and littermate 
control euploid cell lines that carried a single 
Robertsonian translocation. Early-passage MEFs 
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were used to ensure that additional karyotypic 
changes had not yet occurred. Two primary hu- 
man cell lines (CCD112 CoN and CCD841 CoN), 
five MIN lines (HCT-116, HCT-15, DLD-1, 
SW48, and LoVo), and five CIN lines (Caco2, 
HT-29, SW403, SW480, and SW620) were ob- 
tained from ATCC. Chromosome number and 
karyotype information were obtained from the Na- 
tional Cancer Institute database and the COSMIC 
data set at the Sanger Institute. MO-91 cells were 
previously described (27). The MO-91 cell line 
used in this study were established from explanted 
MO-91 tumors that had been xenografted once in 
mice. All cell cultures were maintained under 5% 
CO, in media according to their specifications. 


mRNA Expression Profiling and Analysis 

Expression profiles for MCF7 cells treated for 
6 hours with anisomycin (15 1M), emetine (7 1M), 
cephaeline (6 4M), and cycloheximide (14 4M) 
were previously deposited in the Connectivity 
Map (4/7). MCF7 cells were treated with 200 nM 
rocaglamide A or 50 nM RHT for 6 hours, and 
RNA was then purified after extraction with 
TRIzol reagent [Invitrogen (Carlsbad, CA), cata- 
log no. 15596-026]. Gene expression analysis was 
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Fig. 5. Rocaglates modulate 
tumor energy metabolism. 
(A) TXNIP mRNA transcript lev- 
els in a panel of cancer cell 
lines measured by nanostring 
nCounter after a 6-hour incu- 
bation with 50 nM RHT. Mean 
of duplicates are reported. (B) 
Immunoblot showing TXNIP 
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levels in the indicated cancer 
cell lines after a 6-hour incu- 
bation with the indicated con- 
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centration of RHT. B-actin is the loading control. The effect on p53, a short half-life protein, is shown. (C) 
Effects of the indicated amount of RHT on [H3]-2-deoxyglucose uptake (left) and lactate production (right) 
in a panel of cancer cell lines after 8 hours of incubation. Error bars indicate mean + SEM of triplicates. 
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performed by using Affymetrix (Santa Clara, CA) posited ina public database [National Center for after treatment of MCF7 cells with translation 
GeneChip HT Human Genome U133A 96-Array Biotechnology Information Gene Expression — elongation inhibitors was performed by using 
Plates, and data was analyzed as previously de- | Omnibus (GEO) pending]. Gene set enrichment __ the gene set enrichment analysis (GSEA) Web 
scribed (8). All microarray raw data were de- analysis of the differentially expressed genes _ site release version 3.84 (42). Enrichment for 


A NF1-WT MEF NF1-null MEF 
y Re =< RHT (nM) CHX (uM ) 
3 3 0 ————EE 0 — 
zi Z 
j + 0.625 ; 
aa 
12.5 —— 1.25 . 
Ea 
’ 4 ' NF1-WT MEF 
a i 25 25, ME NF4-null MEF 
id x“ 
a orc 
0 50 100 0 50 100 
Relative viable cells Relative viable cells 
(% control) (% control) 
B RHT (nM) CHX (uM ) c 
0 4) 0 : 
SSS ll 
4 = 
6.25 H 0.18 < 
—— 
0.36 “4 z| 
- Ss 
12.5 . “4 2 
¥ 0.63 
25 2 
1.25 —«—< WT 
4 
50 mm xs 2.5 5" maTS13 2 
— rr Q 
0 50 100 0 50 100 = 
Relative viable cells Relative viable cells - 
(% control) (% control) 
D E F 
HSPA1A mRNA mm CCD112 CoN 
Eu. mmm CCD112CoN 
(log2) = CD84 CoN 0 Eu | gum CCD841CoN 
MIN jem LoVo a 
H29 mich 
ees: 17 - 6.25 MIN - 
CIN TE S\VE20 mm SW48 
z | es ee ee | = LoVo 
0 2 4 6 8 = Gaco2 
12.5 me HT -. 
gore hing CIN |= swans 
fold change = 
MIN CIN mm SW620 
Cells 25 
Fig. 6. Rocaglates selectively target aneuploid cancer cells and nontransformed 
cells with cancer-associated genetic aberrations. (A) Photomicrographs of Nf1 wildtype 0 50 100 
and Nf1 null MEFs that were treated for 14 days with 25 nM RHT. The relative viable cell Relative viabile cell 
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mean + SEM of n = 6 replicates. (B) Effect of 72 hours treatment with either RHT (left) or 

cycloheximide (right) on the proliferation of MEFs carrying a single extra copy of 120 Mb of chromosome 13 (TS13) compared with MEFs derived from littermate 
controls (WT), [mean + SD, n = 3 replicates, ***P < 0.001, two-way analysis of variance (ANOVA)]. (C) Photomicrographs of normal colon epithelial cells and 
invasive colon adenocarcinoma (hematoxylin and eosin stains and HSF1 immunohistochemistry) from the same section of a human tumor resection (im- 
munostained simultaneously). HSF1-expressing cells stain brown, and HSF1-negative cells stain blue from the toluidine blue counterstain. Scale bar, 50 um. (D) 
HSPA1A mRNA transcript levels are elevated in colorectal adenocarcinomas with high-grade aneuploid karyotypes. Data from three MIN and nine CIN colon 
cancer cell lines from the GSK Cancer Cell Line Genomic Profiling Data as described in the methods. Box plot, bar is median, and whiskers are min and max (three 
cell lines in MIN category in triplicate 9 cell lines in CIN category in triplicate). (E) RT-PCR analysis of HSPA1A mRNA levels in the indicated euploid nontransformed 
cell lines, and MIN and CIN cancer cell lines. Error bars indicate mean + SD of triplicates. (F) Effect of RHT on the proliferation of a panel of cell lines with high-grade 
aneuploid karyotypes (CIN lines: Caco2, HT29, SW403, SW480, and SW620); near-euploid karyotypes with microsatellite instability (MIN lines: HCT-116, HCT-15, 
DLD-1, SW48, and LoVo); or nontransformed colon epithelial cell lines with a euploid chromosomal number (CCD112CoN and CCD841CoN), (mean + SD, n = 3 
replicates, ***P < 0.001, two-way ANOVA) treated for 72 hours. 
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HSF l-bound genes among the genes differen- 
tially expressed after treatment of MCF7 cells with 
translation elongation inhibitors was conducted 
by using GSEA v2.08 software (42). HSF1l-bound 
genes in MCF7 cells were defined as those genes 
bound in at least two of the four data sets [two 
data sets from this study and two from (8)]. 


Evaluation of HSP41A mRNA levels was per- 
formed by using data from the GlaxoSmithKline 
(GSK) Cancer Cell Line Genomic Profiling Data 
https://cabig.nci.nih.gov/community/caArray_GSK- 
data. MIN lines used were HCT15, LS174T, SW48. 
CIN lines used were NCTH508, NCIH747, SW1116, 
SWI1417, SW403, SW480, SW620, T84, and SW948. 


ChiP-Seq and ChIP-PCR 
Described in supplementary materials, materials 
and methods. 


Immunoblot 


Described in supplementary materials, materials 
and methods. 
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Fig. 7. Rocaglates suppress tumor growth, HSPA8 mRNA levels and 
glucose uptake in vivo. (A) Scatter plot of ICs values of the growth of a diverse 
panel of cell lines treated with RHT. Cells were treated for 5 days. Red indicates 
hematopoietic cancer lines, dark blue indicates solid tumor cell lines, and light 
blue indicates euploid nontransformed cells. (B) mRNA levels of HSPA8, TXNIP, 
and control housekeeping genes in MO-91 cells treated with RHT. Mean of du- 
plicates are reported. (C) Glucose uptake of of IR Dye 800CW 2-deoyglucose (2-DG) 
in MO-91 cell lines treated with RHT. Imaging was performed by using LICOR. 
(Right) Quantitation of measured intensity (error bars indicate mean + SEM; P< 
0.005, two-tailed t test, n = 4 replicates). (D) Plot of the tumor volume of M0-91 
acute myeloid leukemia xenografts treated with vehicle or RHT. The mean tumor 
volume (in cubic millimeters) is plotted over time. Mice were treated with sub- 
cutaneous injections starting on day 18 after implantation [either vehicle alone or 
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RHT (1 mg/kg), on days marked by downward pointing arrows]. Eight mice were in 
each treatment group (error bars indicate mean + SEM; P < 0.0001). (E) RT-PCR 
analysis of HSPA8 and TXNIP mRNA levels from tumor xenografts after a single 
treatment of either vehicle or RHT (1 mg/kg, subcutaneous; five mice in each group). 
Tumors were harvested 4 hours after treatment (error bars indicate mean + SEM; 
HSPA8, P < 0.005; TXNIP, P < 0.0005, two-tailed t test, n = 5 replicates). (F) 
Representative image of epifluorescence of IRDye 800CW 2-deoxyglucose (2-DG) 
uptake in MO-91 xenografts. Mice bearing tumors were treated with vehicle or 
RHT (1 mg/kg) as described in the supplementary materials, materials and 
methods; four mice in each group. Images were acquired 48 hours after the last 
treatment. (Right) Quantitation of measured radiant efficiency from epifluo- 
rescence of IRDye 800CW 2-DG from images of MO-91 xenografts (error bars 
indicate mean + SEM; P = 0.031, two-tailed t test, n = 4 replicates). 
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LINCS Analysis 

To identify chemical and genetic modulators that 
are correlated with HSF1 inactivation, we queried 
LINCS supported by the NIH Common Fund. 
This resource at the Broad Institute is a massive 
expression-profiling initiative to catalog the cel- 
lular consequences of both small-molecule and 
genetic perturbations. The expression data were 
generated by using a high-throughput Luminex- 
based assay (Luminex, Austin, TX) as described 
previously (43). Whole-genome expression pro- 
files are inferred from changes in the expression 
of 1000 landmark genes. The changes in gene 
expression resulting from each of the genetic 
and chemical perturbations are rank-ordered from 
highest to lowest according to their differential 
expression relative to control treatments. Changes 
in gene expression caused by a novel perturbation 
(the “query” signature) can then be compared with 
the cataloged expression profiles. Profiles that 
are positively correlated with the query signature 
are given a positive score, whereas profiles that are 
negatively correlated to the query signature are 
given a negative score. 

For the analysis, we generated an HSF1 in- 
activation signature (table S4) of the 50 genes 
most positively regulated (reduced expression upon 
HSF1 depletion with shRNA) and 10 genes most 
negatively regulated (increased expression upon 
HSF1 depletion with shRNA) in the breast cancer 
cell lines, MCF7 and BPLER (44) [average of the 
difference between the ha6 shRNA and scram- 
bled shRNA control values between the two cell 
lines (8)], that were also bound by HSF1 in our 
ChIP-seq experiments. This signature was used 
to query all 161,636 shRNA and compound sig- 
natures (collapsed from a total of 614,216 indi- 
vidual profiles from at least three biological 
replicates) in the LINCS data set produced in 
nine cell lines (MCF7, breast cancer; HT29, co- 
lon cancer; HEPG2, hepatoblastoma; A549, lung 
cancer; HCC515, lung cancer; A375, melanoma; 
PC3, prostate cancer, VCAP, prostate cancer, HAIE, 
immortalized but nontransformed kidney epithe- 
lium). A connectivity score was assigned to each 
of the expression profiles from the 161,636 per- 
turbations on the basis of a weighted Kolmogorov- 
Smimov statistic as previously described (42, 43). 
GSEA (42) was performed on this rank-ordered 
list in order to determine gene or chemical classes 
that were most enriched among the positively and 
negatively connected signatures. The sets analyzed 
by means of GSEA encompassed the shRNAs 
corresponding to the genes comprising all 186 
KEGG pathway gene sets. The sets also included 
110 chemical classes grouped according to the 
Anatomical Therapeutic Chemical (ATC) Classi- 
fication System. In addition, we added a set com- 
posed of elongation initiation factors. Statistical 
significance was tested by using 100 random sets 
size-matched to the set being tested. 


Reporter cell lines 


Y9 reporter NIH3T3 cells (45) were infected 
with lentivirus for the doxycycline regulatable 
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pTRIPZ-nonsilencing construct (RHS4743). 
These cells were heat shocked and incubated with 
doxycycline and then sorted by use of flow cy- 
tometry to isolate strong enhanced GFP (eGFP) 
and Turbo RFP (tRFP) expressors. Sorting was 
repeated twice for enrichment. Noninduced cells 
were sorted to remove cells expressing eGFP and 
tRFP at baseline to make R4.1.B4 cells. 

To make the high-throughput screening cell line 
NIH3T3HGL, the parent vector LV-eGFPfLUC 
was modified by removing the cytomegalovirus 
promoter and introducing a 470-bp fragment of 
the human HSP70B’ construct upstream of the 
eGFP promoter. NIH3T3 cells were infected with 
lentivirus generated from this construct, and the 
high eGFP expressors were isolated by means of 
flow cytometry after heat shock. 


High-Throughput Small-Molecule Screen 


Described in supplementary materials, materials 
and methods. 


Dual Reporter Cell Assay 


Described in supplementary materials, materials 
and methods. 


Rocaglamide/Rocaglate Derivatives 
Rocaglamide/rocaglate derivatives were prepared 
with total synthesis methods as previously de- 
scribed (/2, /3). 


Nanostring/nCounter Analysis 

The cells were lysed at a concentration of 10,000 
cells/L with RTL buffer [Qiagen (Valencia, CA) 
catalog no. 79216] and dissociated using a cell 
shredder (Qiagen catalog no. 79656). The total 
RNA in 5 ul of lysate was hybridized with the 
capture and reporter probes overnight at 65°C 
and processed according to the nCounter recom- 
mended protocol. Target/probe complexes were 
immobilized in nCounter Cartridges for data col- 
lection using an nCounter Digital. The data was 
analyzed according to the manufacture’s guide- 
lines. All data were normalized to the expres- 
sion levels of house keeping genes (AC7B, B2M, 
GAPDH, GUSB, HPRT1, and RPL10). 


535 Labeling 

MCF7 cells were grown to confluence in six-well 
dishes in standard Dulbecco’s minimum essential 
medium (DMEM) (+10% fetal bovine serum). 
The cells were rinsed twice in 1x phosphate- 
buffered saline (PBS) and then placed in DMEM 
without methionine or cysteine [Life Technolo- 
gies (Guilford, CT) no. 21013024] for 30 min. 
EasyTag S35 protein labeling mix (NEG772002MC) 
was added for 15 min. The cells were rinsed 
twice in 1X PBS and then lysed in TNEK buffer. 
Cell lysates were prepared in TNEK buffer {50 mM 
Tris, pH 7.4; NP-40 1%; EDTA 2 mM; KCI 200 mM 
and protease inhibitor cocktail [Roche Diagnos- 
tics (Indianapolis, IN) catalog no. 11836153001}}. 
Samples (15 1g total protein/lane) were analyzed 
by means of SDS—polyacrylamide gel electro- 
phoresis. The gel was incubated for 10 min in 0.7 M 
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sodium salicylate and 10% glycerol. The dried 
gel was used to expose film. Counts per minute 
were assessed by using a scintillation counter. 


Glucose Uptake 

500,000 cells plated in 24-well tissue culture 
plates were treated for 8 hours with RHT. The 
cells were then washed in 1x PBS (x2) and 
placed in glucose-free and serum-free DMEM 
for 20 min. Glucose uptake was measured by 
using *H-2-Deoxyglucose (7H-2DG), incubation 
for 15 min (final 1 wCi/ml, 50 uM 2DG). The 
cells were washed with | ml of cold 1x PBS (2), 
lysed with 0.2 M sodium hydroxide, and then 
counted by use of scintillation. Experiments were 
performed in triplicate. Parallel treated cultures 
cells were stained with Sytox-green (Invitrogen, 
catalog no. $7020) for normalization. Each an- 
alysis was performed three times. The SEM is 
displayed. 

Glucose uptake was also measured by using 
IRD800 2-deoxyglucose (Fig. 7C). MO0-91 cells 
were washed and resuspended in glucose-free 
medium (10° cells/ml). Cells were dispensed 
(100 wL/well) in triplicate wells and incubated 
for 20 min with 5 uM of the IRDye 800CW 2-DG 
Optical Probe [LI-COR Biosciences (Lincoln, NB) 
catalog no. 926-08946]. The cells were then washed 
x4 with cold PBS, and the signal was acquired 
by using an infrared Odyssey imaging system 
(LI-COR Biosciences). 


Lactate Production 

500,000 cells were plated in 24-well tissue cul- 
ture plates and were treated for 8 hours. with 
RHT. After two washes with |= PBS, the cells 
were incubated for 30 min at 37°C in 500 ul of 
filter sterilized 1x Krebs buffer (126 mM NaCl, 
2.5 mM KCl, 1.2 mM NaH2P04, 1.2 mM MgCl2, 
2.5 mM CaCl2, 10 mM Glucose, 25 mM NaHCO3, 
10 mM HEPES-KOH pH 7.4). The supernatant 
was collected, and the lactate was measured with 
a Lactate Assay Kit [BioVision (Milpitas, CA) cat- 
alog no. K-607) according to the manufacturer’s 
guidelines. Parallel treated cultures cells were stained 
with Sytox Green (Invitrogen, catalog no. $7020) 
for normalization. Each analysis was performed 
three times. The SEM is displayed. 


Cell Viability Assay 

Relative cell growth and survival were measured 
in 96-well microplate format by using the fluo- 
rescent detection of resazurin dye reduction as an 
endpoint (544 nm excitation and 590 nm emis- 
sion). Two thousand adherent cells and 10,000 
suspension cells were plated 24 hours before com- 
pound exposure (for 72 hours). Each analysis 
was performed three times. For all bar graphs, the 
SEM is displayed, unless indicated otherwise. 


Immunohistochemistry 

Paraffin blocks of human colon adenocarcinoma 
tissue were obtained from the archives of BWH 
in accordance with the regulations for excess tis- 
sue use stipulated by the BWH institutional review 
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board. Immunohistochemistry for HSF1 was per- 
formed as previously described (8). 


Drug Metabolism and Pharmacokinetic Studies 


Described in supplementary materials, materials 
and methods. 


Xenograft Experiment 

5e7 MO-91 cells were implanted with Matrigel 
(BD Biosciences, San Jose, CA) subcutaneously in 
the right inguinal region of NOD-SCID mice. 
When the mean tumor volume reached 100 mm*, 
RHT formulated in hydroxypropyl beta-cyclodextrin 
was administered by means of subcutaneous par- 
enteral administration (1 mg/kg) according to 
the treatment schedule shown in Fig. 7D. Tumor 
size was measured twice each week by a lab 
member (M.D.) who was blinded to the treatment 
groups. There were eight mice in each treatment 
group (RHT-treated or vehicle-treated). Body weight 
was measured twice each week. Body condition 
score (BCS) as monitored by facility vets did not 
go below 2+ in either treatment group throughout 
the experiment. 


In Vivo Glucose Uptake Experiment 

MO-91 cells were inoculated into the inguinal re- 
gion of NOD-SCID mice. Seventeen days later, 
the mice were treated with a dose of RHT (1 mg/kg; 
4 mice) or vehicle control (4 mice). Four hours 
later, the mice were given retro-orbital injections 
of 100 ul IRDye 800CW 2-DG Optical Probe 
(10 nmol; LI-COR Biosciences, no. 926-08946), 
and then an additional 4 hours later, these mice 
were again treated with RHT (1mg/kg) or vehicle 
control. Thirty-six hours after the last RHT dose, 
mice were imaged (IVIS; excitation 745 nm, emis- 
sion 800 nm). Data were analyzed by using Living 
Image software (PerkinElmer, Waltham, MA). 


Real-Time PCR 


RNA was purified with RNEasy columns (Qiagen, 
catalog no. 74104). Quantitative PCR to evaluate 
mRNA levels was performed by using RT2 SYBR 
Green qPCR Mastermix (SABiosciences) and primer 
assay pairs (SABiosciences, Valencia, CA) on a 
7900HT ABI Detection System. 
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Bright Hot Impacts by Erupted 
Fragments Falling Back on the Sun: 
A Template for Stellar Accretion 


Fabio Reale,"* Salvatore Orlando,” Paola Testa,? Giovanni Peres,» 


Enrico Landi,* Carolus J. Schrijver® 


Impacts of falling fragments observed after the eruption of a filament in a solar flare on 

7 June 2011 are similar to those inferred for accretion flows on young stellar objects. As imaged 
in the ultraviolet (UV)—extreme UV range by the Atmospheric Imaging Assembly onboard the 
Solar Dynamics Observatory, many impacts of dark, dense matter display uncommonly intense, 
compact brightenings. High-resolution hydrodynamic simulations show that such bright spots, 
with plasma temperatures increasing from ~10* to ~10° kelvin, occur when high-density plasma 
(>>10"° particles per cubic centimeter) hits the solar surface at several hundred kilometers per 
second, producing high-energy emission as in stellar accretion. The high-energy emission comes 
from the original fragment material and is heavily absorbed by optically thick plasma, possibly 
explaining the lower mass accretion rates inferred from x-rays relative to UV—optical—near 


infrared observations of young stars. 


ass accretion from the circumstellar disk 
Me= the stellar surface plays an im- 

portant role in the late phases of star 
formation (/, 2). Young low-mass stars are pre- 
sumably connected to and interact with circum- 
stellar disks through magnetic funnels (3). The 
plasma accretes along the funnels at nearly free- 
fall velocity (hundreds of kilometers/second) onto 
the central young star. Most evidence for accre- 
tion originates from the region of impact of the 
disk material onto the stellar chromosphere and 
includes infrared and optical excess emission in 
lines and continuum (4-6) and a soft (energy < 
0.7 keV) x-ray excess above the coronal emission 
fiom dense (10'' to 10'° cm >) and hot (2 to 4 MK) 
plasma (7—9). Hot impact spots are observed in 
photospheric emission (/0). 

Current models suggest that the impact region 
is rather complex because of the interplay be- 
tween radiation and hydrodynamics (//—/4): The 
streams might be highly structured in both den- 
sity and velocity, leading to inhomogeneous im- 
pact spots; the impacting material is heated to 
millions of degrees by kinetic energy dissipation 
and might partially sink into the chromosphere, 
its emission being substantially absorbed by the 
thick chromosphere and by the dense falling ma- 
terial itself. The impact can also drive strong mo- 
tions and feed material into surrounding coronal 
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structures (/4), as recently suggested for the clas- 
sical T Tauri star TW Hydrae (accretion-fed co- 
rona) (/5, /6). The density and velocity of the 
accreting material determine the temperature of 
the hot plasma and the sinking depth (73). This 
complexity hampers a deep understanding of the 
dynamical and radiative properties of the plasma 
in the impact region and, ultimately, of the ac- 
cretion processes in young stars. 

Here, we study plasma impacts observed after 
the solar flare on 7 June 2011 at 6 UT that show 
interesting analogies with inferred stellar accre- 
tion impacts. The flare was categorized as “M 
class” on the Global Online Enrollment System 
scale of the National Oceanic and Atmospheric 
Administration. It was observed by the ultraviolet 
(UV) and extreme UV (XUV) narrowband chan- 
nels of the Atmospheric Imaging Assembly (AIA) 
(/7) on board the Solar Dynamics Observatory 
(SDO) (78), with high spatial resolution (~0.6 are 
sec per pixel) and high cadence (12 s) (/9) (see 
supplementary materials, section S1). During the 
flare, we clearly see, in all SDO/AIA XUV chan- 
nels, that a dense, dark filament is broken and 
violently ejected (movie $1). The cloud propagates 
outward at a speed of several hundred kilometers 
per second and fragments in all directions. The 
fastest fragments escape in the form of a typical 
coronal mass ejection (20), observed by the Solar 
and Heliospheric Observatory/Large Angle and 
Spectrometric Coronagraph (2/) white light tele- 
scope. Slower fragments fall back onto the solar 
surface. They are visible in all AIA XUV chan- 
nels as dark, irregular, and moving strips on the 
brighter background corona. During their fall, 
the fragments change their morphology, stretch- 
ing and dividing further (/9), but they generally 
maintain a coherent structure and remain dark 
throughout their trajectory. When the fragments 


hit the solar surface, they drive intense bright- 
enings in the impact region, visible in all AIA 
XUV and UV channels. Here, we focus our at- 
tention on these impacts (movies S2 and $3). 

Before hitting the surface, many downfalling 
fragments follow similar parabolic trajectories 
(movie S2); one trajectory was traced to be close to 
a free fall from combining AIA and STEREO- 
SECCHI EUVI (22) images. We have measured 
several impact speeds to be in the range of 300 
to 450 km/s (see supplementary materials, sec- 
tion $1.2), similar to typical stellar accretion 
flow speeds (23). We know that the fragments 
are dense and cool, because we see them in ab- 
sorption in the XUV channels. From the amount 
of absorption, we constrain their density in the 
range of 2 to 10 x 10'° cm > with a temperature 
of ~3 x 10* K (see supplementary materials, 
section $1.1). The impacts are dispersed over a 
large fraction of the solar surface (Fig. 1). The 
typical cross section of impacting fragments is 
around 2000 to 4000 km, whereas the long side 
of elongated fragments can extend to >>10* km, 
The duration of the brightenings ranges between 
1 and >6 min in the XUVand UV spectra. During 
each brightening, the XUV emission typically in- 
creases by factors of 2 to 5 over the unperturbed 
conditions. 

According to magnetograms measured with 
the SDO/Helioseismic and Magnetic Imager 
(HMI) (fig. $4), the trajectories of the falling frag- 
ments and most impacts occur in regions where 
the magnetic field is rather weak. Most fragments 
do not decelerate while falling, and the ram and 
thermal pressures of the fragments at the impacts 
are estimated to be substantially larger than the 
local magnetic pressure (supplementary materials, 
section $1.3). Thus, we can assume that the 
magnetic field does not play an important role in 
the impacts, and we can describe the plasma evo- 
lution with a purely hydrodynamic model of 
plasma blobs, falling in a low-density corona with 
an impact speed of 400 km/s and a density of 
5 x 10'° cm (both in the measured ranges). We 
ran several two-dimensional simulations (cylin- 
drical geometry) to match the observed variety 
of cases: a spherical droplet (with a radius of 
2000 km), a train of droplets, and an elongated 
fragment (stream). An accurate description of the 
evolution required a very high spatial resolution 
(down to ~5 km; see supplementary materials, 
section §2.1). 

In our simulations, the very dense model frag- 
ments fell freely in the tenuous ambient atmosphere 
with a faint bow shock preceding them. As they hit 
the chromosphere, they penetrated and smashed 
against the layers whose pressure was equal to the 
ram pressure of the infalling fragment (movie S4). 
The single spherical droplet was soon squashed 
to a thin, dense, and hot layer and then bounced 
back, forming an outward surge that expanded at a 
speed of ~200 km/s. The surge reached tempera- 
tures above 10° K, but it cooled down in a few sec- 
onds, due to the rapid expansion and radiative losses. 
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For comparison with observations, we com- 
puted the emission that would be detected with 
the AIA XUV channels where we expected the 
plasma to be mostly optically thin; that is, 94, 
131, 171, 193, 211, and 335 A. In agreement 
with the observation, the emission evolution was 
similar in all the channels (Fig. 1 and movie S5). 
The plasma became visible in this channel when 
it rose above the transition region while it bounced 
back. Although the surge expanded over several 
tens of seconds, the plasma remained bright for a 
much shorter time (~20 s) (Fig. 1) and then faded 
out rapidly, due to the cooling and rarefaction. 
The brightening region also remained small, not 
much larger than the initial size of the droplet; it 
was the internal part of the outward surge and 
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was almost featureless and hemispherical. The 
plasma did not rise substantially above the sur- 
face. We traced that most of the emission came 
from the original impacting droplet, with very 
little contribution from the ambient material. 

The simulations with the train of droplets and 
the stream showed longer-living (to more than 
100 s) and larger-scale (up to ~10,000 km) bounc- 
ing structures (movies S6 to S9). Although the 
emitting plasma was in a shell, integration along 
the line of sight kept the emission concentrated 
along the central axis. The longer-lasting stream 
emission was structured in sequences of evolving 
blobs and fringes (Fig. 1). 

The morphology of the emission in the sim- 
ulations matches the observations, up to the later 
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phases when coupling to the surrounding mag- 
netic field becomes important. The size of the 
emitting region and the temporal evolution of the 
emission in the simulations are in quantitative 
agreement with the observations. The observed 
light curves (fig. S5) have shapes, flux, and time 
scales similar to those derived from the simu- 
lations (fig. S9). The observed brightenings gen- 
erally last longer than the simulated ones, as can 
be expected because the impacting fragments may 
be much more extended than the modeled ones or 
can be made by showers of smaller-scale blobs, 
slightly displaced from one another. 

Simulations either with a much smaller den- 
sity of the falling droplet (5 x 10° cm +) (movie 
$10) or a much smaller impact speed (250 km/s) 
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Fig. 1. Observed and modeled impact brightenings. (Top) Observed 
impacts of dense fragments erupted after an M-class solar flare on 7 June 2011 
in the SDO/AIA 171 A channel. Three cases are shown, representative of small- 
to large-scale impact brightenings (from left to right, taken at 7:26:25, 
7:29:02, and 08:09:49 UT, with the plot origin at [x, y] = [357”, —132', [468", 
137", [335”, —130"] from the disk center). The color palette is data number 
(DN) per second per pixel. The white lines indicate how the width of the lower 
rows scales to the first row. (Middle) Simulated impacts of fragments that may 
drive the respective brightenings (from left to right: droplet, train of droplets, 
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and stream) with a hydrodynamic model (at the labeled times since the 
beginning of the simulation). The left side of each map is a cross section of the 
emission in the 171 A channel (logarithmic scale, DN cm? s~*), and the right 
side is the emission integrated along the horizontal line of sight; i.e., tan- 
gential to the solar surface (4223 DN per pixel per second). When integrating, 
we exclude the heavily absorbed emission; i.e., by plasma at high density 
(>10*° cm”) or below the transition region (see supplementary materials, 
section $2.2). (Bottom) Cross sections of the logarithm of the density (left, per 
cubic centimeter) and temperature (right, kelvin). 
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(movie S11) were unable to produce substantial 
emission (fig. S9A), indicating that the sce- 
nario is coherent. Thus, our hydrodynamic sim- 
ulations show that the hot and bright impacts 
after the eruption are caused by the high den- 
sity (>>10'° cm >) and speed (free-fall speed, 
300 to 450 km/s) of the downfalling debris. These 
values are close to those of the plasma involved 
in stellar accretion flows. 

For most stellar accretion flows [see (/5) for 
an exception], the mass accretion rates derived 
from x-rays are consistently lower (by one or more 
orders of magnitude) than the corresponding rates 
derived from UV-—optical—near infrared observa- 
tions (24-26). According to our analysis of a so- 
lar event, the impact of the dense fragments leads 
to detectable high-energy emission. From the mod- 
el, we find that the mass of plasma responsible 
for the brightenings in the 171 A channel (see 
supplementary materials, section $3) ranges 
between 5 and 30% of the original mass of the 
fragments. This is mainly because of the absorp- 
tion by the optically thick chromosphere and/or 
by the dense part of the material outflowing after 
the impact (depending on the orientation of the 
impact region with respect to the line of sight). In 
addition, the simulations tell us that droplets with 
low density or low velocity are unable to produce 
substantial emission; the observations tell us that 
some of the falling fragments produce no de- 
tectable brightening. Therefore, both the absorp- 
tion of x-ray emission from dense plasma and the 
wide range of velocity and density values of the 
infalling fragments contribute to underestimating 
the mass accretion rate from the XUV band. 

Our simulations also show that the XUV emis- 
sion arises from the original impacting material. 
Although our fragmented solar downflows differ 
from the conceptual stellar accretion flows (which 
are hypothesized to be continuous streams, chan- 


neled by the magnetic field), the structure of the 
impact region (presenting hot plasma partially 
rooted in the chromosphere) is similar in the two 
cases. Moreover, as suggested recently (/9), the 
accretion flows are likely to be frayed, even when 
they are magnetically confined and stream along 
straight tubes. Therefore, the dynamics and ener- 
getics spatially resolved in the solar observations 
are a template and laboratory to study accretion 
processes in astrophysics. 
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Switchable Static and Dynamic 
Self-Assembly of Magnetic Droplets 
on Superhydrophobic Surfaces 


Jaakko V. |. Timonen,**t Mika Latikka,* Ludwik Leibler,? Robin H. A. Ras,"* Olli Ikkala”* 


Self-assembly is a process in which interacting bodies are autonomously driven into ordered 
structures. Static structures such as crystals often form through simple energy minimization, 
whereas dynamic ones require continuous energy input to grow and sustain. Dynamic systems are 
ubiquitous in nature and biology but have proven challenging to understand and engineer. Here, 

we bridge the gap from static to dynamic self-assembly by introducing a model system based on 
ferrofluid droplets on superhydrophobic surfaces. The droplets self-assemble under a static external 
magnetic field into simple patterns that can be switched to complicated dynamic dissipative 
structures by applying a time-varying magnetic field. The transition between the static and dynamic 
patterns involves kinetic trapping and shows complexity that can be directly visualized. 


tial in a wide variety of natural and engi- 


Fes pattems and structures are essen- 
neered systems (/). They often form of small 
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subunits by autonomous self-assembly, which is 
driven by free-energy gradients (2). Static self 
assembly denotes a process in which the system 


reaches an energy minimum (equilibrium) wherein 
the ordered structure appears. Archetypical exam- 
ples are structured block copolymers (3, 4), nano- 
particles (5, 6), nanorods (7), liquid crystals (8), 
and hierarchical supramolecular systems (9). They 
find applications in data storage (/0) and struc- 
tural colors (//), for instance. On the other hand, 
dynamic self-assembly denotes a process in which 
the structure forms when the system is forcefully 
kept away from an energy minimum (out of equi- 
librium) by continuous energy supply and dis- 
sipation (/2, /3). Dynamic self-assembly is most 
notably encountered in biological systems (/4—/6), 
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but seminal works have shown that it can also 
be created artificially (12, 13, 17). 

Dynamic self-assembly has been suggested as 
a route to adaptive systems beyond what static 
self-assembly can offer (2, 13, 18). However, 
dynamic assembly is challenging to realize and 
understand because it cannot be predicted through 
energy minimization. It is also sensitive to small, 


Fig. 1. Magnetically trig- A 
gered ferrofluid droplet 
division on a superhy- 
drophobic surface. (A) 
Schematic side-view of the 
magnetic field geometry 
of a cylindrical permanent 
magnet (white lines, mag- 
netic field; black lines, con- 
stant field contours). State 
of the droplet is indicated 
as follows: 1, near-zero field 
(nearly spherical droplet); 2, 
weak field (slightly deformed 
droplet); 3, strong field (con- 
ical spiked droplet); and 
4, above critical field (two 


local changes in the interactions between the 
elementary units and the external energy supply 
(73). We approach this problem by introducing 
a model system that functions in the interface 
of static and dynamic self-assembly and can 
be switched between them. The system relies on 
manipulation of mobile magnetic ferrofluid drop- 
lets (/9-2/) on a low-friction lotus-leafike (22) 


— cya WS 


-200 ms 


30 ms 


ig wag oak 


daughter droplets). (B) Photographs of a 20-ul ferrofluid droplet (movie $1) upon increasing the field 
from 80 Oe (dH/dz 3.5 Oe/mm) to 680 Oe (dH/dz 66 Oe/mm). Notice the small asymmetry in daughter- 


superhydrophobic surface (23-27) with an ex- 
ternal magnetic field. In the following text, we first 
show how an external magnetic trigger can be 
used for creating self-assembled ferrofluid drop- 
let populations from a single parent droplet. Then, 
we demonstrate that the static equilibrium pat- 
terns can be transformed reversibly to dynamic 
dissipative patterns by feeding them energy through 
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droplet sizes and the small satellite droplet between the two (fig. 53). (C) Frames of a high-speed video of the division (movie $2) and (D) the corresponding 
distance between the daughter droplets as a function of time, approaching the distance determined by static self-assembly. 
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Fig. 2. Self-assembled droplet patterns in axisymmetric magnetic field. 
(A) Scheme of the division instability. 1, critical wavelength; d, diameter. (B) 
Photographs of the stepwise division and self-assembly of a 10-ul droplet. 
The largest droplet marked with a red circle (the diameter corresponds to A; 
see Eq. 1) divides in each step (movie $3). Magnetic field strength was in- 
creased from 1.0 kOe (dH/dz 82 Oe/mm) for one droplet to 1.9 kOe (dH/dz 
193 Oe/mm) for eight droplets. (C) Number of droplets as a function of 
increasing and decreasing magnetic field, showing hysteresis due to the 


19 JULY 2013 VOL 341 


kinetic trapping. P1; high magnetic field; P2, low magnetic field. Error bars 
indicate SD of three data sets. (D) Scheme of controlling the lattice constant 
in the kinetically trapped patterns by adjusting the magnetic field curvature (c) 
and the magnetic moment of the droplets (m). a, nearest-neighbor distance. (E) 
Snapshots of a 19-droplet pattern with two extreme periodicities at high and low 
magnetic fields. (F) The corresponding nearest-neighbor distance as a function 
of \7mic. Red dots denote experimental measurements; the black line indicates 
the best linear fit. 
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an oscillating magnetic field. We highlight the 
important role of kinetic trapping as a stabilizer 
on both static and dynamic pattems and directly 
visualize the complexity of the transition. 

In an elementary experiment, one droplet 
of aqueous ferrofluid (fig. S1) (28) is placed 
on a superhydrophobic surface and subjected to 
a confining field of a cylindrical permanent mag- 
net below the substrate (Fig. 1A and fig. S2). 
Gradually increasing the field strength H and the 
vertical gradient dH/dz acting on the droplet (by 
decreasing the gap between the magnet and the 
surface) leads to a deformation of the droplet 
into a spiked cone and cleavage into two smaller 
droplets at the critical field strength (Fig. 1B and 
movie S1). The division takes a few tens of milli- 
seconds (Fig. 1C and movie S2), after which the 
daughter droplets briefly oscillate before settling 
at their equilibrium separation (Fig. 1D). 

The division of the droplet is due to a com- 
bination of high magnetic field and high vertical 
magnetic field gradient and, therefore, does not 
take place in a homogeneous magnetic field (fig. 
S4). The division is related to the normal-field 
instability of ferrofluids (Rosensweig instability) 
(79), but differs from it in several ways. The classic 
Rosensweig pattern [see (29) for a demonstra- 
tion] appears in a homogeneous perpendic- 
ular magnetic field on a horizontal flat surface 
of ferrofluid. It has the critical periodicity of 
ARosensweis — In \/o/pg, where o and p are sur- 


Fig. 3. More complicated A 
patterns. (A) Scheme 
of changing the geom- 
etry of the magnetic field 
(top view). (B) Axisym- 
metric magnetic field 
(cylindrical magnet) and 
the corresponding pat- 
terns with five- and six- 
fold symmetries and (C) 
nonaxisymmetric magnetic 
field (rectangular cuboid 
magnet) and the corre- 
sponding close-packed 
ribbon patterns with an 
overall twofold symme- 
try (movie $5). All four 
patterns in (B) and (©) 
were created from a sin- 
gle 20-l parent droplet. 
Hmax, Maximum magnet- 
ic field strength. (D) 
Scheme for changing the 
number of parent drop- 
lets. (E) An example of 
switching a hierarchical 
pattern of 9 droplets with 
fourfold symmetry with 
three droplet sizes to 
another hierarchical pat- 
tern of 14 droplets with 
twofold symmetry (movie 


l 


Rectangular cuboid 


face tension and density of the fluid, respective- 
ly, and g is the gravitational acceleration (30). In 
contrast, the gravitational force in our system is 
negligible compared with the magnetic force due 
to the vertical field gradient; that is, 4 (upHMV), 
where [Up is permeability of vacuum, M is mag- 
netization, and V is volume of the droplet. This 
magnetic force can be up to two orders of mag- 
nitude larger than the gravitational force (fig. S5). 
Thus, we can approximate the critical wavelength 
in our system as 


Importantly, Eq. 1 has a different interpretation 
compared with the Rosensweig pattern. In this 
case, Eq. | does not determine the periodicity of 
the pattern but instead gives the criterion for the 
splitting: a droplet divides when the critical wave- 
length becomes smaller than the droplet diam- 
eter. This implies that the largest droplet is always 
the most susceptible to dividing (Fig. 2A), which 
was experimentally confirmed when the magnetic 
field was increased to generate larger droplet 
populations (Fig. 2B and movie $3), up to 75 drop- 
lets (fig. S6). In further contrast, the Rosensweig 
pattern is reversible (the pattern decays when 
the field is removed), but our patterns are not: 
the droplets do not coalesce back to a single 
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droplet when the static magnetic field is switched 
off (Fig. 2C and movie S3). This irreversibility 
is due to the daughter droplets being kinetically 
trapped to remain separate; that is, there is a po- 
tential energy barrier between the global one-droplet 
energy minimum and any multidroplet pattern. 
The kinetic trapping is caused by the magnetic 
repulsion of the droplets and the nonwetting 
nature of the substrate (which ensures that the 
droplets are not physically connected). Later, we 
show a route back to the original one-droplet state 
through dynamic self-assembly. 

The droplet pattern quickly rearranges to ac- 
commodate the newly formed droplet after each 
division (Fig. 2B and movie $3). The rearrange- 
ment is driven by the minimization of energy, 
which is a sum of the dipolar repulsion between 
the magnetized droplets and their attraction toward 
the increasing gradient of the external magnet- 
ic field 
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where m; and m; are magnetic moments of the 
droplets; r; and r; are positions of the droplets; 
andc = tH is the confining curvature of the 
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6). The dividing droplet is marked with a solid color. The magnetic field strength was increased from 1060 Oe (dH/dz 61 Oe/mm) to 1240 Oe (dH/dz 


72 Oe/mm). 
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magnetic field (fig. S2). The rearrangement 
after each division is nearly perfect due to the 
low friction that originates from the surface’s 
high contact angles and low contact angle hys- 
teresis. In contrast, other surfaces with higher 
contact angle hysteresis did not allow the mini- 
mum energy patterns to be reached (movie S4). 

The lattice constant of the patterns could be 
adjusted by changing the ratio between the re- 
pulsion and attraction by changing the distance 
between the surface and the magnet (Fig. 2, D 
to F), in good agreement with the scaling relation 
for the nearest-neighbor distance a°< ¥/m/c pre- 
dicted from Eq. 2. Importantly, the periodicity 
changes are completely reversible (provided that 
the field is not increased above the next divi- 
sion threshold). Thus, the droplets are free to 
move, despite the number of droplets being ki- 
netically trapped (Fig. 2C). 

More complicated pattems are readily achieved 
by using other magnetic field geometries, such as 
that of a nonaxisymmetric rectangular cuboid 
magnet (Fig. 3A). The lacking axial symmetry 
changes the typical five- and sixfold pattems 
observed with cylindrical magnets (Fig. 3B) to 


close-packed ribbons with an overall twofold 
symmetry (Fig. 3C and movie $5). On the other 
hand, starting with multiple differently sized par- 
ent droplets (Fig. 3D) makes switching between 
hierarchical pattems possible (Fig. 3E, fig. S7, and 
movie S6). 

The static patterns transform to dynamic 
ones when they are provided with a sufficient 
continuous energy feed to keep them away from 
the energy minimum (Fig. 4A). We realized the 
energy feed by oscillating the permanent magnet 
horizontally below the substrate with amplitude 
A and frequency (Fig. 4B). At low energy feed 
rates (small amplitude and frequency), a typical 
static seven-droplet pattern simply moves with 
the oscillating magnet as a whole and, thus, re- 
mains close to the energy minimum (Fig. 4, C 
and D, mode I, and movie S7). However, the 
droplets start to coalesce above a threshold am- 
plitude and frequency, leading to the emergence 
of numerous dynamic patterns consisting of elon- 
gated droplets and/or regular circular droplets 
(Fig. 4, D and E, modes II to X, and movies S7 
and S8). The transition threshold is determined 
by the time-dependent dissipative magnetic forces, 


Fig. 4. Reversible switching Static Dynamic 

between static and dynamic A self-assembly self-assembly c 
self-assembly. (A) Scheme Super-critical 

of the switching. (B) Practical energy feed e@@ 

realization of the energy feed — =P 

by horizontally oscillating the Sub-critical ee 


permanent magnet below the 
superhydrophobic surface. (C) 
Phase diagram of the seven. B 
droplet pattem in the field of 
1130 Oe (dH/dz 132 Oe/mm), 
showing the transition bound- 
ary (dashed lines). (D) Scheme 
of mode | and photographs 
of dynamic patterns that do 
not change their appearance 
during the cycle of the driving 
field (movie $7). (E) Scheme of 
mode VI and photographs of 
dynamic patterns that change 
their shape (but not the num- 
ber of droplets) periodically 
with the external magnetic 
field (movie $8). (F) Photo- 
graphs of the intermediate steps 
in the formation of mode VIII 
during 2.5 oscillations of the 
driving field (f = 3 Hz, A= 
12.5 mm) (movie $9). 
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which cause shortening in the distances between 
the droplets (fig. S8). Thus, the dynamic mag- 
netic force is an external trigger that can free the 
static pattern from its kinetic trap (Fig. 2C). It 
allows the number and sizes of the droplets to 
be changed, leading to the rearrangement of the 
pattern. 

Simulations showed that the coalescence and 
rearrangement starts from droplet pairs whose 
distance is affected the most by the energy feed 
(Fig. 4F and fig. S8). However, immediately 
after the first coalescence, the behavior of the 
pattern becomes difficult to predict, as seen from 
the complex and seemingly chaotic coalescence 
and division of droplets (movie S8, mode IX). 
This complexity originates mostly from small 
differences in initial positions and sizes of the 
droplets (fig. S6). However, complexity can arise, 
even in individually pipetted droplet patterns 
(movie S10), and is actually seen also in switch- 
ing of some static patterns (fig. S9 and movie 
S11). Yet, even the most chaotic transient drop- 
let motions eventually stabilize into kinetical- 
ly trapped patterns that are permanent until the 
oscillating field is switched off, after which the 
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patterns decay back to the static seven-droplet 
pattern within a fraction of a second. 

Dynamic patterns rely critically on low friction 
and energy dissipation (movie $12). The geometry 
of the dynamic patterns cannot be described in 
terms of energy minimization (Eq. 2), because 
they are far from the energy minimum. Instead, 
the patterns are better described and rationalized 
as dynamic states wherein the droplet number is 
kinetically trapped [as in the static patterns (Fig. 
2C)]. Pattems can be classified into those that al- 
temnate (Fig. 4E) or do not altemate (Fig. 4D) during 
the cycled energy feed. Alternation is caused by 
different mobilities of the droplets: Elongated ones 
are more mobile because of the higher ratio be- 
tween the driving and dissipative forces. 

Dynamic self-assembly can be used as a 
switch between droplet patterns with different 
numbers of droplets. In contrast to the division 
instability, dynamic self-assembly decreases the 
number of droplets. This allows the irrevers- 
ibility of the droplet formation in static self- 
assembly (Fig. 2C) to be overcome. For example, 
driving any static pattern to the mode V dynamic 
pattern (single elongated droplet) and decreas- 
ing the magnetic field while oscillating the mag- 
net allows recovery of the original one-droplet 
state (movie $13). This is the final unit opera- 
tion required to realize a complete cycle from a 
single liquid droplet to complicated static and 
dynamic patterns and, finally, back to the start- 
ing state (fig. S10). 

Externally driven magnetic droplets on super- 
hydrophobic surfaces form a versatile model 
system for studying and visualizing complicated 
phenomena in self-assembly. We used this model 


to demonstrate switching between static and dy- 
namic self-assembly and to show the usefulness 
of kinetic trapping that most often is viewed only 
as a hindrance for assembly. The most diverse 
patterns were found to occur near the boundary 
where static patterns switch to dynamic ones. The 
transition is complex, and its detailed investigations 
will pave the way toward a better understanding 
of the onset of dynamic dissipative self-assembly. 


References and Notes 

1. P. Ball, Nature's Patterns: A Tapestry In Three Parts 
(Oxford Univ. Press, Oxford, 2011). 

2. G. M. Whitesides, B. Grzybowski, Science 295, 
2418-2421 (2002). 

3. F. S. Bates et al., Science 336, 434-440 (2012). 

4, A-V. Ruzette, L. Leibler, Nat. Mater. 4, 19-31 (2005). 

5. Y. Xia et al., Nat. Nanotechnol. 6, 580-587 (2011). 

6. E. V. Shevchenko, D. V. Talapin, N. A. Kotov, S. O’Brien, 
C. B, Murray, Nature 439, 55-59 (2006). 

7. K. Liu, N. Zhao, E. Kumacheva, Chem. Soc. Rev. 40, 
656-671 (2011). 

8. T. Kato, N. Mizoshita, K, Kishimoto, Angew. Chem. Int. Ed. 
45, 38-68 (2006). 

9. O. Ikkala, G. ten Brinke, Science 295, 2407-2409 
(2002). 

10. S. Park et al., Science 323, 1030-1033 (2009). 

11. J. Yoon, W. Lee, E. L. Thomas, MRS Bull. 30, 721-726 
(2005), 

12. B. A. Grzybowski, C. J. Campbell, Chem. Eng. Sci. 59, 
1667-1676 (2004). 

13. B. A. Grzybowski, C. E. Wilmer, J. Kim, K. P. Browne, 

K. J. M. Bishop, Soft Matter 5, 1110-1128 (2009). 

14. S. Kauffman, At Home in the Universe: The Search for 
Laws of Self-Organization and Complexity (Oxford Univ. 
Press, Oxford, 1995). 

15. E. Karsenti, Nat. Rev. Mol. Cell Biol. 9, 255-262 
(2008). 

16. A. M. Mateus, N. Gorfinkiel, A. M. Arias, Semin. Cell 
Dev. Biol. 20, 877-884 (2009). 

17. B. A. Grzybowski, H. A. Stone, G. M. Whitesides, Nature 
405, 1033-1036 (2000). 


Ultrahigh Magnetoresistance at Room 
Temperature in Molecular Wires 


R. N. Mahato,? H. Liilf,? M. H. Siekman,”? S. P. Kersten,’ P. A. Bobbert,* M. P. de Jong,* 


L. De Cola,”> W. G. van der Wiel?* 


Systems featuring large magnetoresistance (MR) at room temperature and in small magnetic fields are 
attractive owing to their potential for applications in magnetic field sensing and data storage. 
Usually, the magnetic properties of materials are exploited to achieve large MR effects. Here, we report 
on an exceptionally large (>2000%), room-temperature, small-field (a few millitesla) MR effect in 
one-dimensional, nonmagnetic systems formed by molecular wires embedded in a zeolite host crystal. 
This ultrahigh MR effect is ascribed to spin blockade in one-dimensional electron transport. Its generic 
nature offers very good perspectives to exploit the effect in a wide range of low-dimensional systems. 


exploited for information processing. Typ- 

ically, these devices contain layered structures 
with an electrical resistance that is dependent on 
the relative orientation of the magnetization of 
their magnetic layers; thus, the resistance can be 
altered by an external magnetic field, a phenom- 
enon called magnetoresistance (MR). Examples 
include giant magnetoresistance (GMR) devices 
(/, 2), which are multilayer stacks of ferromag- 


I: spintronic devices, the electron’s spin is 
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netic materials separated by a nonmagnetic metal 
spacer layer, and tunnel magnetoresistance (TMR) 
devices (3, 4), which have a tunnel barrier as the 
spacer. Here, we explore entirely different physics 
in a nonmagnetic system, relying on a mecha- 
nism akin to spin blockade in quantum devices. 

The Pauli principle precludes that an electron 
can tunnel into a state already occupied by an- 
other electron with the same spin. This spin 
blockade for two electrons starting from a spin- 
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triplet configuration was first observed in quan- 
tum dots (QDs) at cryogenic temperatures (5). 
Spin blockade can be lifted by spin relaxation, 
mixing in singlet character. It has been shown 
that hyperfine interaction can lift spin blockade 
in QDs (6). The importance of hyperfine inter- 
action on spin dynamics has also been recognized 
in the context of an intrinsic, room-temperature 
MR effect in organic semiconductors (7, 8). Car- 
rier transport is influenced by spin-dependent 
reactions, which are subject to the competition 
between an external magnetic field B and the 
random hyperfine fields By (~1 mT) of the nu- 
clei. At small B (Fig. 1A), hyperfine interactions 


+Nano€lectronics Group, MESA+ Institute for Nanotechnology, 
University of Twente, P.O. Box 217, 7500 AE, Enschede, Neth- 
erlands. “Institut de Science et d'Ingénierie Supramoléculaires 
(ISIS), Université de Strasbourg, 8 Allée Gaspard Monge, 67000 
Strasbourg, France. *Transducers Science and Technology Group, 
MESA+ Institute for Nanotechnology, University of Twente, P.O. 
Box 217, 7500AE Enschede, Netherlands. “Theory of Polymers 
and Soft Matter, Department of Applied Physics, Eindhoven 
University of Technology, P.O. Box 513, 5600 MB, Eindhoven, 
Netherlands. °Karlsruher Institut fiir Technologie (KIT), Institut fiir 
Nanotechnologie Hermann-von-Helmholtz-Platz 1, D-76344 
Eggenstein-Leopoldshafen, Germany. 


*Corresponding author. E-mail: w.g.vanderwiel@utwente.nl 


19 JULY 2013 


257 


| REPORTS 


mix in singlet character, hence lifting the block- 
ade. However, at larger B, By¢ is overshadowed, 
so that spin blockade cannot be lifted (Fig. 1B). 
Unlike in QDs, spin blockade in organic mol- 
ecules can occur at room temperature because of 
the much stronger wave function confinement, 
leading to a much larger energy spacing between 
the lowest singlet and triplet states. 

In organic semiconductors exhibiting three- 
dimensional (3D) hopping conduction, the MR 
is rather small. It has been predicted, however, 
that confinement of the current path in molec- 
ular systems could lead to a strong increase of 
the MR (9). Here, we realize such a system ex- 
perimentally. Our system (Fig. 2) consists of 
strictly 1D wires, formed by subliming organic dye 
molecules, DXP (N,N’-bis(2,6-dimethylphenyl)- 
perylene-3,4,9,10-tetracarboxylic diimide), into 
the channels of zeolite L crystals in the presence 
of potassium as counterion of its alumina sites 
(/0). Zeolite L is a well-known, electrically insu- 
lating aluminosilicate crystalline system (//), 
which consists of many thousands of separated 
channels with a maximum diameter of 1.26 nm, 
running through the whole crystal and oriented 
perfectly parallel to the cylinder c axis. The geo- 
metrical constraints of the zeolite host structure 
allow for the formation of 1D chains of highly 
uniaxially oriented, closely spaced molecules. The 
2.2-nm-long DXP molecules only fit into a chan- 
nel in their length direction. Although DXP’s 
rigid van der Waals width is ~0.76 nm, DXP can 
be inserted into the 0.71-nm channel opening 
above ~175°C (/2). We used relatively small size 
zeolites (30- to 100-nm height; 200- to 500-nm 
diameter), enabling an 86% DXP loading degree 
(/0). At these high filling ratios, (hopping) elec- 
tron transport along molecular wires can be read- 
ily observed in our conducting-probe atomic force 
microscopy (CP-AFM) experiments, making this 
system suitable for 1D transport measurements. 
DXP-loaded zeolites have been applied before 
as artificial photonic antenna systems (//), where 
energy transfer occurs due to near-field interac- 
tion. A number of studies report on the electrical 
conductivity of zeolites loaded with metal atoms 
(73, 14) or conductive polymers (/5, /6), as well 
as on the effect of inserting different charge- 
balancing cations (/ 7-19). However, most of this 
work focuses on bulk systems of a large num- 
ber of randomly oriented zeolites, with the excep- 
tion of (20). 

Magnetotransport measurements were car- 
ried out on DXP-loaded zeolites on top of an 
ITO|PEDOT:PSS [indium tin oxide|poly(3,4- 
ethylenedioxythiophene):poly(styrenesulfonate)] 
substrate at room temperature in an ultrahigh vac- 
uum CP-AFM with a PtSi tip. We estimate that 
~10° channels contribute in parallel to electron 
transport (/0). The measurements were obtained 
from zeolites with heights of 30, 45, 60, 80, and 
90 nm. For every height, the results were 
reproduced for at least two different zeolites. The 
current (/)-voltage (V) characteristics in Fig. 3 
are almost symmetric in voltage, in accordance 
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Fig. 1. Magnetic field dependence of spin blockade. Shaded (unshaded) arrows indicate an initial 
(final) spin configuration at neighboring sites before (after) spin precession. (A) For B << Bhs, spin 
blockade can be lifted due to spin mixing induced by hyperfine interaction. (B) If B >> By;, spin mixing is 
suppressed and spin blockade can occur. 


Ee 


we 
Bh 
ea 


i 
(Elsi 
Wa), 
oy 


Fig. 2. Measurement setup and sample structure. The CP-AFM measures the conduction of the mol- 
ecules (red ellipsoids) aligned in zeolites on ITOIPEDOT:PSS. (Left) Zeolite channel with a DXP molecule 
inside. (Upper right) Scanning electron micrograph of zeolites. 
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Fig. 3. Electrical characterization of DXP-loaded zeolites. Room-temperature /-V characteristics for 
different channel length. (Upper left inset) Same data on log-log scale. The straight dashed line 
indicates a linear dependence. (Lower right inset) Resistance R = V/ versus channel length. 
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with the similarity of the work functions of the 
two contacts. The -V characteristics are typical 
for energetically disordered systems with hop- 
ping transport. The upper left inset displays the 
same data on a logarithmic / scale, showing a 
transition from a linear behavior (indicated by the 
dashed line) at low voltage to a superlinear power- 
law behavior at high voltage. The resistance, R= V/, 
as a function of channel length for different volt- 
ages, is given in the lower right inset. The increase 
of the resistance with length changes from expo- 
nential at low voltage to linear at higher voltages. 
As the resistance is dependent on channel length, 
the conductivity is limited by the molecular wires 
rather than by the contacts. The symmetric -V 
curves and absence of an injection barrier indicate 
unipolar transport. Both PEDOT:PSS and PtSi 
have work functions around —5 eV (2/, 22), 
roughly in the middle between the energies of 
the highest occupied and lowest unoccupied 
molecular orbital (HOMO and LUMO) of DXP 
(—6.0 and —3.9 eV, respectively) (23). This seems 
to be at odds with the absence of an injection 
barrier. However, the mobile potassium ions in 
the channels could substantially change the in- 
jection barrier by creating dipole layers at the 
zeolite surface, lowering the barrier for electron 
injection. This would be consistent with electron 


transport (see below), but our considerations 
would be equally valid for hole transport. The 
linear regime in the /-V curves points at the 
presence of free charges, and hence free spins, in 
the channels already at low voltage. These should 
result from diffusion from the contacts (PEDOT:PSS 
layer and PtSi tip) into the interior of the zeolite, 
yielding an exponentially decaying charge con- 
centration profile compatible with the observed 
exponential dependence of the resistance on chan- 
nel length at low voltage. We confirmed that emp- 
ty zeolites do not show any detectable current up 
to 9 V. Likewise, CP-AFM measurements on ITO} 
PEDOT:PSS substrates give linear /-Vs with neg- 
ligible resistance (/0). 

Figure 4A shows the current-voltage charac- 
teristic for a 60-nm channel length at zero mag- 
netic field and at 14 mT perpendicular to the wires, 
plotting |/| on a logarithmic scale. Despite the 
small magnetic field, a very strong current sup- 
pression is observed at 14 mT, especially at lower 
voltage. To study the magnetic field dependence 
of the current through the molecular wires in 
more detail, we define the magnetoconductance 
(MC) as 


1(B) ~ 1(0) 


MC(B) = 0) 


(1) 
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where ((B) is the current at magnetic field B, 
and (0) the current at zero magnetic field, yield- 
ing a maximum possible negative MC of —100%. 
Figure 4B shows MC(B) at different bias volt- 
ages for a 60-nm wire length. We observe a very 
large, negative MC, monotonically increasing 
with decreasing voltage. Similar behavior was ob- 
served for other wire lengths (/0). 

The MC(B) curves can be fitted well with 
the empirical line shape 


B. 


MC(B) ec ———. 
wo (Bo + |B\)” 


(2) 


applied before in the context of organic mag- 
netoresistance (OMAR) (7). It has a characteristic 
width Bo, related to the magnitude of the hy- 
perfine fields. The fitted By values (fig. S2) vary 
between 2 and 6 mT, comparable to values ob- 
tained for OMAR (7), and show almost no volt- 
age dependence. The mT field scale agrees well 
with the typical hyperfine coupling in 1-conjugated 
molecules, clearly pointing at a molecular origin. 
The very large room-temperature MC approaching 
the maximum possible value of —100% is notable. 

The voltage dependence is more clearly rep- 
resented if we convert MC to the more common 
MR, defined by 
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Fig. 4. Room-temperature MR. (A) /-V characteristics of DXP-loaded zeolite 
with 60-nm channel length at B = 0 and 14 mT. (B) Magnetoconductance MC(B) 
at different bias voltages for 60-nm channel length. The red curves are fits to Eq. 2. 
(© Maximum magnetoresistance MR = [R(Bms) — ROO)VR(O), as a function of V for 
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different channel lengths. (D) Comparison between MC in a ~40-nm DxP film 
measured by a 250-.m-diameter Pt wire (blue circles), the same film measured 
by a CP-AFM PtSi tip (blue squares), and 60-nm-long 1D DXP wires measured 
by a PtSi CP-AFM tip (red diamonds). 
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where R(B) is the resistance at magnetic field 
B and R(0) the resistance at zero field. We have 
derived MRyax(V) from the /-Vs for different 
channel lengths at zero magnetic field and max- 
imum magnetic field, By.x, according to MRyex(V) = 
TV,0) — LV-Brnax) VV Bias), (Fig. 4C). The MR 
increases rapidly with decreasing voltage, reach- 
ing a maximum value of more than 2000% for 
60-nm wire length when approaching 0 V. Be- 
cause the current levels are below the noise limit 
close to 0 V, we have not been able to determine 
MRynax here. 

The MR values in our molecular wires com- 
pare favorably with values reported for other 
systems under similar conditions. The highest 
room-temperature TMR value reported to date 
is 600% for an epitaxial CoFeB/MgO/CoFeB 
magnetic tunnel junction (24). Collosal mag- 
netoresistance (CMR) manganites exhibit very 
large low-temperature MR at several tesla (25); 
however, room-temperature, low-field MR val- 
ues are a few tens of percents (26, 27). For nano- 
composites containing magnetic nanoparticles, 
MR values similar to those in CMR experiments 
have been demonstrated under comparable exper- 
imental conditions (28). A large room-temperature 
MR effect of a few tens of percents was also re- 
ported for a graphene nanoribbon field-effect 
transistor (29). 

We ascribe our very large MR values to the 
unique 1D character of our system. Indeed, non- 
structured DXP thin films show much lower 
MR values (Fig. 4D). When a ~40-nm DXP film 
is contacted with a PtSi CP-AFM tip in the 
same setup, we measure a maximum MC of 
around —20%. With a Pt wire of 250-1m diameter 
instead of the PtSi tip, the maximum MC is 
reduced to about —5%. These results strongly 
suggest that confinement of the current path is 
crucial for explaining our results, in line with 
recent numerical studies (9). Explanations based 
on spin-dependent interactions involving excited 
states (30, 3/) can be ruled out, because the MR 
is also present—and even more pronounced— 
below the DXP HOMO-LUMO gap (~2 eV). 
The fact that for DXP the energy required to form 
doubly negatively charged states is remarkably 
small [~0.2 eV from cyclic voltammetry mea- 
surements (23)] suggests that such states are 
involved in transport. We therefore propose that 
the current is carried by electrons and that spin 
blockade is caused by two electrons residing on 
neighboring molecules attempting to form a doubly 
negatively charged molecule in a spin-singlet con- 
figuration by hopping of one of the electrons. The 
energetic disorder generally present in organic 
systems facilitates formation of doubly charged 
molecules at favorable locations. Moreover, the 
presence of a positively charged potassium ion close 
to a DXP molecule strongly reduces its LUMO 
level, also facilitating double charging. Simula- 
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tions show that with these ingredients, MC values 
close to —100% indeed can be obtained with MC 
(B) curves having the line shape of Eq. 2 (/0). 
Further analysis should provide more insight 
into the details of the mechanism behind the ef- 
fect, but the present experimental results clearly 
point at spin blockade tuned by a competition 
between the external magnetic field and the ran- 
dom internal hyperfine field. 
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Isotope Ratios of H, C, and O in CO, 
and H,0 of the Martian Atmosphere 


Chris R. Webster,’* Paul R. Mahaffy,” Gregory J. Flesch,” Paul B. Niles,° John H. Jones,” 
Laurie A. Leshin,? Sushil K. Atreya,’ Jennifer C. Stern,” Lance E. Christensen,* Tobias Owen,® 
Heather Franz,” Robert O. Pepin,® Andrew Steele,’ the MSL Science Teamt 


Stable isotope ratios of H, C, and O are powerful indicators of a wide variety of planetary geophysical 
processes, and for Mars they reveal the record of loss of its atmosphere and subsequent interactions 
with its surface such as carbonate formation. We report in situ measurements of the isotopic ratios 
of D/H and 7°0/"0 in water and 73¢/"*c, 180/*60, *70/*°0, and *3c1®0/*2C740 in carbon dioxide, made 
in the martian atmosphere at Gale Crater from the Curiosity rover using the Sample Analysis at 

Mars (SAM)'s tunable laser spectrometer (TLS). Comparison between our measurements in the modern 
atmosphere and those of martian meteorites such as ALH 84001 implies that the martian reservoirs 
of CO, and H,0 were largely established ~4 billion years ago, but that atmospheric loss or surface 


interaction may be still ongoing. 


he Sample Analysis at Mars (SAM) suite 
l (2) on the Curiosity rover that landed in 


August 2012 is conducting a search for 


organic compounds and volatiles in rocks and 
soils and characterizing the chemical and isotopic 
composition of the modern atmosphere. Atmo- 
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spheric characterization is one of the exploration 
goals of the Mars Science Laboratory (MSL) 
mission (2), and it is accomplished using SAM’s 
tunable laser spectrometer (TLS) and its quadru- 
pole mass spectrometer (QMS). Here we focus 
on TLS measurements; a companion paper (3) 
focuses on those from the QMS. Results for non- 
detection by TLS of atmospheric methane are 
reported elsewhere (4). 

Previous measurements of isotopes of H, N, 
and noble gases in the martian atmosphere to date 
(5) have indicated enrichment in the heavier 
isotopes, consistent with the idea of atmospheric 
loss to space of the lighter isotopes (6, 7). Al- 
though meteoritic analyses of 8'°C and '*O (8) 
in shergottite, nakhlite, and chassigny (SNC)- 
class meteorites are made at higher precision than 
the atmospheric measurements to date, they are 
challenged to correctly account for possible ter- 
restrial contamination (9). Measurements of CO. 
isotopes at Mars and in particular 6'°C values 
have not been consistent with atmospheric loss 
(10). Viking (11) measured 8'°C and 8'8O values 
of 23 + 43 per mil (%o) and 7 + 44%o. Earth-based 
spectroscopy has suggested depleted values for 
53°C of -22 + 20%o and &'%O of 18 + 18%o (9). 
The recent Phoenix lander measured 8'*C and 
8'8O values for CO, in the martian atmosphere of 
—2.5 + 4.3% and 31 + 5.7%0, respectively (/2). 
Although uncertainties in these earlier atmo- 
spheric measurements of '°C and 8!%O overlap 
(Table 1), their &'°C values are in marked con- 
trast to measurements of trapped CO, in martian 
meteorite EETA 79001, generally considered to 
be closest to the true martian atmosphere and 
which yielded a 8'°C of 36 + 10%o (8). 

For D/H in water, the difference in ground- 
state energies of HDO and its parent HHO are 
large enough to cause large changes in 6D in 
equilibrium and nonequilibrium (kinetic) pro- 
cesses (/3, 14), especially where condensation or 
freezing occurs. For this reason, D/H has become 
a universally important ratio to identify planetary 
origin and history (7, /5). The 1988 telescopic 
observation of D/H values in the martian at- 
mosphere that were ~6 times that of Earth (7) 
were pivotal in the idea of atmospheric loss to 
space from a dense, warm, ancient atmosphere. 
Initial measurements in meteorites (76) gave a 
wide range of D/H values that may have included 
terrestrial contributions. A more recent analy- 
sis (17) of the ancient meteorite ALH84001 
(~4 billion years old) and young meteorite Shergotty 
(0.17 billion years old) produced 6D values of 3000 
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and 4600, respectively. These results have been 
interpreted (/7) as evidence for a two-stage evo- 
lution for Martian water—a significant early loss 
of water to space [before 3.9 billion years ago 
(Ga)], followed by only modest loss to space 
during the past 4 billion years. Until Curiosity 
landed, there had been no in situ measurements of 
the water isotopic species HDO and H,'*O. 
Oxygen isotopes in carbonates and sulfates 
from martian meteorites do not show any en- 
richment in 8'%O and therefore have not been 
used as indicators of atmospheric escape (/8, 19). 


Table 1. Carbon dioxide isotope ratios %o 
measured. 


Measurement 


SAM-TLS 

SAM-QMS (3) 

Phoenix lander (12) 

Viking Neutral Mass Spectrometer (11) 

SNC meteorites (8, 12, 32) 

ALH84001 meteoritic carbonate range (30, 31) 
ALH84001 meteoritic carbonate mean value (31) 
Earth telescopes (9) 


REPORTS li 


It has been suggested that they are buffered by 
interaction with a larger O reservoir such as the 
silicates in the crust, or crustal ice deposits (20), 
although this is complicated by evidence for dis- 
equilibrium between the crust and the atmosphere 
(21). Oxygen isotopes in CO, and H30 are there- 
fore likely indicators of more complex interactions 
between the large reservoir of O in the hydro- 
sphere, lithosphere, and atmosphere of Mars. 
TLS is a two-channel tunable laser spectrom- 
eter that uses direct and second harmonic de- 
tection of infrared (IR) laser light absorbed after 


+ 2 SEM (standard error of the mean). *, not 


8BC 580 80 83c¥%o 
46+4 48+5 2425 109 + 31 
45 +12 + * . 
2.5443 31.0+5.7 * e 
23 + 43 7+ 44 * * 


36 +10 3.9-5.4 + 0.1 ~0.53* 8°80 ~ &8C+ 80 


27 to 64 ~9 to 26 ~0.53* 80 ~ 84+ 8780 
46+8 4.6412 * * 
-22 +21 18 +18 7 . 


Fig. 1. Spectral scan re- 
gions used by the TLS 
instrument. Calculated 
spectra from the HITRAN 
database (36) for mea- 
suring CO; (A and B) and 
H20 isotope ratios (B). 
The HDO line intensity has 
been increased by a factor 
of 6 to better represent 
the martian environment. 
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multipassing a sample cell (7). One laser source 
is a near-IR tunable diode laser at 2.78 um that 
can scan two spectral regions containing CO, and 
H,0 isotopic lines; the second laser source is an 
interband cascade laser at 3.27 sm used for meth- 
ane detection alone (4). The near-IR laser makes 
43 passes of a 20-cm-long sample (Herriott) cell 
that is evacuated with a turbomolecular pump for 
background scans, then filled to 0.7 mbar using 
volume expansion of Mars air originally at ~7 mbar. 
TLS scans over individual rovibrational lines in 
two spectral regions near 2.78 um; one centered 
at 3590 cm! for CO, isotopes and a second 
centered at 3594 cm! for both CO, and HO 
isotopes (Figs. | and 2). The lines used in both 
regions have no significant interferences. In the 
3594 cm | region, the CO, and H,O lines we 
used interleave across the spectrum without in- 
terference, allowing the determination of accu- 
rate isotope ratios across widely varying CO 
and H,O abundances in both atmospheric and 
evolved gas experiments. The laser scans every 
second through the target spectral regions. Each 1-s 
spectrum is then co-added on board in 2-min 
periods, and the averaged spectra are then down- 
linked as raw data during a given run, typically 
of ~30 min duration. Data reported here were 
collected from 6 days (martian sols 28, 53, 73, 
79, 81, and 106). During data collection, the 
Herriott cell and other optics are kept at 47° + 3°C 
using a ramped heater that also serves to in- 
crease the signal-to-noise ratio in spectra by 
reducing the effect of interference fringes oc- 
curring during the 2-min sample period. The 
measured background amounts (empty cell) of 
both CO, and H2O are negligible and also re- 
flect an insignificant contribution to the signal 
from the instrument foreoptics. TLS is calibrated 
using certified isotopic standards (22) that im- 
prove the accuracy of isotope ratios over using 
the more uncertain HITRAN (high-resolution 
transmission molecular absorption) database spec- 
tral parameters. 

Our CO) isotope ratios (Table 1, table S1, and 
Fig. 3) are given relative to Vienna Pee Dee 
belmnite (VPDB) for 8'°C and relative to Vienna 
standard mean ocean water (VSMOW) for all 
oxygen isotopes (/3). The measured value of 
8'°C'SO agrees within uncertainty to the sum of 
the individual 85°C and 8'8O measurements, 
providing a valuable check-sum on our results. 
Also, our measured value for 5'70 is half that of 
8'O, as predicted from mass-dependent fractiona- 
tion (6'70 = 0.528 = &'SO) and consistent with 
previous SNC meteorite analysis. The independent 
SAM QMS result for 8'°C of 45 + 12%o (3) agrees 
well with that from TLS at 46 + 4%o, both values 
notably disagreeing with the much lower Phoenix 
lander result (72) of -2.5 + 4.3%o. The sol-by-sol 
data plotted in Fig. 3 is not over a sufficiently long 
period to assess possible seasonal variation in 8'3C 
or 8'*0. 

Our measured water abundances of up to 1% 
by volume in our Herriott cell after atmospheric 
intake exceed those expected (~150 parts per 
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Fig. 2. Observed versus calcu- 
lated spectra. A single spectrum 
(middle section) downloaded from 
Curiosity (black), showing observed 
enrichment in 7CO, and **0CcO 
compared to the calculated HITRAN 
spectrum (red) based on terrestrial 
(VPDB and VSMOW) isotope ratios 
(36). Both spectra are normalized 
in depth to the 7°0"2C"0 line near 
3590.1 cm"? (Fig. 1). Ringing to 
the left side of the lines is ex- 
plained in (22). 
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Fig. 3. Sol-by-sol mean values for CO2 isotope ratios. The mean values for all sols combined 
(dashed lines) are given in Table 1. See (22) for values and uncertainties of the individual sol data 


plotted. 


milion by volume) in martian air, and allowed us 
to retrieve a value for atmospheric 5D, although 
with high uncertainty. Because our measured 
highly enriched 5D values (Table 2 and table S2) 
are clearly martian and not terrestrial, we attribute 
the high water mixing ratios to either high near- 
surface humidity (natural or from enhanced tem- 
peratures in the vicinity of the rover) or to water 
entrained from frozen or liquid sources on or near 
the heated inlet valve. Also, in evolved gas ex- 
periments from pyrolysis of Rocknest fines (23), 
water was seen coming off at relatively low tem- 
peratures that we here identify as representative 
of the 8D and 8!%O values of the martian at- 
mosphere. The TLS measurement of 6D agrees 
well with observations from ground-based tele- 
scopes (24), but the contribution from expected 


seasonal cycling (25) is unknown. The enriched 
atmospheric values contrast with the low primor- 
dial D/H values postulated for the martian mantle 
(26) and are higher than those from our Rocknest 
higher-temperature studies (23). 

Modeling estimates of escape processes and 
atmospheric stability during Mars’ initial history 
point to catastrophic loss of atmospheric mass, 
and suggest that many atmospheric species car- 
rying records of early isotopic evolution did not 
survive beyond approximately 3.7 to 4 Ga (27, 28). 
Carbonates in the ALH 84001 meteorite derived 
from an alteration event that occurred at ~3.9 Ga 
(29) preserve our best record of these events. Mea- 
surements of ALH 84001 carbonates show en- 
riched isotopic values of §'°C = +27 to +64%o 
(30, 31), 5D values of ~3000%0 (16, 17), and low 
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Table 2. Water isotope ratios %o + 2 SEM. *, not measured. 


Measurement 6D 5*0 
SAM-TLS atmosphere 4950 + 1,080 hs 
SAM-TLS evolved water: Rocknest fines 230° to 430°C (23) 5880 + 60 84+ 10 
Meteoritic crustal reservoirs (26) ~5000 * 
Earth telescopes (24) 1700-8900 > 
ALH 84001 (17) 3000 = 
Shergotty USNM 321-1 (17) 4600 = 


8'80 values (32). These values are similar to the 
composition of the modem martian atmosphere, 
suggesting that the 6'°C, 8D, and &'*O of the 
martian atmosphere were enriched early and have 
not changed much over ~4 billion years. Our 
higher values of 8D and 6'*O measured in the 
atmosphere suggest that escape processes may 
have also continued since 4.0 Ga, in accordance 
with a two-stage evolutionary process (/7) de- 
scribed above. 

We observe large enrichments of '*O in at- 
mospheric water vapor and CO}. The 6'8O val- 
ues of the water vapor are much larger than the 
8'SO observed in carbonates and sulfates in mar- 
tian meteorites and suggest that the oxygen in 
water vapor in the martian atmosphere is not 
in equilibrium with the crust (33, 34) and could 
have been enriched in heavy isotopes through 
atmospheric loss. Another possibility is that the 
elevated oxygen isotope values in the more abun- 
dant martian CO are being transferred to the 
water vapor through photochemical reactions in 
the atmosphere. However, 8'80 values of CO, in 
Earth’s atmosphere are similarly elevated because 
of low-temperature equilibration between CO, 
and H,0, and this process could also be operative 
on Mars (/2). 

In addition to atmospheric loss, other pro- 
cesses such as volcanic degassing and weathering 
might act to change the isotopic composition 
of the atmosphere through time. Estimates for 
the magnitude of these two contributions over 
the ~4-billion-year history of Mars vary widely 
(30, 34, 35), yet could have a strong impact on 
the isotopic composition of the atmosphere and 
challenge the status quo model described above. 
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Abundance and Isotopic Composition 
of Gases in the Martian Atmosphere 
from the Curiosity Rover 


Paul R. Mahaffy,’* Christopher R. Webster,” Sushil K. Atreya,> Heather Franz,* Michael Wong,? 
Pamela G. Conrad,” Dan Harpold,* John J. Jones,’ Laurie A. Leshin,® Heidi Manning,° 
Tobias Owen,’ Robert O. Pepin,® Steven Squyres,” Melissa Trainer,’ MSL Science Teamt 


Volume mixing and isotope ratios secured with repeated atmospheric measurements taken 

with the Sample Analysis at Mars instrument suite on the Curiosity rover are: carbon dioxide 
(CO), 0.960(+0.007); argon-40 (ar), 0.0193(+0.0001); nitrogen (Nz), 0.0189(+0.0003); 
oxygen, 1.45(+0.09) x 1073; carbon monoxide, < 1.0 x 1073; and “°Ar/**Ar, 1.9(+0.3) x 10°. 
The *°Ar/N2 ratio is 1.7 times greater and the *°Ar/?*Ar ratio 1.6 times lower than values 
reported by the Viking Lander mass spectrometer in 1976, whereas other values are generally 
consistent with Viking and remote sensing observations. The “°Ar/?*Ar ratio is consistent with 
martian meteoritic values, which provides additional strong support for a martian origin of these 
rocks. The isotopic signature 5'°C from CO, of ~45 per mil is independently measured with 
two instruments. This heavy isotope enrichment in carbon supports the hypothesis of substantial 


atmospheric loss. 


he science and exploration goal of the 

l Mars Science Laboratory (MSL) (/) is to 
advance our understanding of the po- 
tential of the present or past martian environ- 
ments to support life. An understanding of how 
the present environment in Gale crater differs 
from the environment at the time of its forma- 


tion requires comprehensive chemical charac- 
terization. The first set of experiments of the 
Sample Analysis at Mars (SAM) investigation 
(2) (Fig. 1) of the Curiosity rover included mea- 
surements of the chemical and isotopic com- 
position of the atmosphere with sequences that 
employed two of SAM’s three instruments. When 
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combined with composition and isotope data from 
atmospheric gases trapped in martian meteor- 
ites, measurements of the rate of atmospheric 
escape from orbiting spacecraft, and studies of 
atmosphere-surface exchange, SAM atmosphere 
measurements are intended to constrain models 
of atmospheric loss and climate evolution over 
geological time. 

We report here on results from samples of the 
martian atmosphere analyzed by SAM’s quadru- 
pole mass spectrometer (QMS) and tunable laser 
spectrometer (TLS) during the first 105 sols (1 sol 
is a martian day) of the landed mission. These 
experiments were among the first carried out 
by SAM (Fig. 1) after several health checks of 
the instrument. The experiments took place over 
a period of several weeks from Mars solar 
longitude (3) of 163.7 to 211.2 (31 August to 
21 November 2012) in Gale crater south of the 
equator (4.5°S, 137°E). All measurements were 
taken at night (table S1), and weighted means 
(table $2) are reported. 

The mixing ratios of CO, No, Ar, Or, CO, 
Ne, Kr, and Xe at the martian surface were de- 
termined by the mass spectrometers on the 1976 
Viking Landers (4) more than 3 decades ago. 
Mass spectrometers on the Viking aeroshells 
also detected CO2, N2, Ar, CO, O2, O, and NO 
(5) over an altitude range from 200 to 120 km, 
approaching or reaching the homopause or the 
altitude below which the atmosphere is well 
mixed. Spectroscopic measurements of CO have 
also been obtained from the Mars Reconnaissance 
Orbiter [e.g., (6)], the Mars Express Spacecraft 
(7, 8), and a number of ground-based observa- 
tions [e.g., (9)], revealing long-term variations 
correlated with solar activity (9). Recent Herschel 
submillimeter observations (/0) have provided 
an additional measurement of the mixing ratios 
for CO (10) of 9.8(41.5) x 104 and for O} (//) 
of 1.40(+0.12) x 10>. The CO mixing ratio is 
found to vary by more than a factor of 4 (from 
~3 x 10 * to 1.2 x 10>) seasonally at polar lat- 
itudes, with smaller changes in the equatorial 
region (6). The relative change in CO reflects 
enrichment and depletion of noncondensable 
volatiles during the condensation and sublima- 
tion of CO, the principal component of the mar- 
tian atmosphere. 

Argon (“°Ar) has also been monitored glob- 
ally from orbit by the gamma-ray spectrometer 
(GRS) on the Mars Odyssey spacecraft and from 
the martian surface by the alpha particle x-ray 
spectrometers (APXS) on the Mars Exploration 
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rovers at latitudes of -2° and —15°. The GRS- 
derived Ar mixing ratio exhibits a large seasonal 
change by as much as a factor of 6 over the 
southern pole in winter (/2) as the atmospheric 
CO), undergoes an annual cycle of condensation 
and sublimation, producing a 25% change in the 
surface pressure. Although the GRS data exhibit 
no seasonal change in Ar in the equatorial region 
(2), APXS finds that Ar nearly tracks the sea- 
sonal changes in surface pressure with a 2- to 
3-month phase lag (/3). 

The mixing ratio of nitrogen can best be de- 
termined by in situ measurements because 
meteorite measurements do not give definitive 
answers for this atmospheric gas. Variations in 
isotopic composition of nitrogen in impact glasses 
of the martian shergotite meteorites EET79001 
(14, 15), Zagami (/6), and Tissint [e.g., (16, 17)] 
suggest that, in these samples, atmospheric nitro- 
gen is mixed with an interior component with a 
lower '*N/'4N ratio. 

The atmospheric CO, isotope 8!°Cyppp (VPDB, 
Vienna Pee Dee belemnite) (/8) has been re- 
ported as —2.5 + 4.3 per mil (%o) from the Ther- 
mal and Evolved Gas Analyzer (TEGA) mass 
spectrometer on the Phoenix lander (/9) and as 
—22 + 20 %o from Fourier transform Earth-based 
spectroscopy (20). The higher-uncertainty mea- 
surements of the Viking lander found CO, iso- 
topes to be within 50%bo of terrestrial isotopes 
(4). The aeroshell measurements had similarly 


Fig. 1. The SAM suite 
located in the interior 
of the Curiosity rover 


SAM Components 
1—Solid sample inlet 
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(Top) An image of SAM 
with the side panels re- 
moved. (Bottom) Mass 
spectrum of the martian 
atmosphere from sol 45, 
with mass peaks labeled 
for the main atmospheric 
species. Isotopes of argon 
appear above the back- 
ground level (blue traces) 
at mass/charge ratio (m/z) 
36, 38, and 40 (green ticks 
at top of plot). Primary 
ions from isotopologues 
of CO;, containing 3c, ""c, 
and/or "80, appear at m/z 


large error bars with reported carbon isotopic 
composition equivalent to &'°Cyppg of 23 + 
50%0 (5). 

Detailed characterization of the SNC (Shergotty, 
Nakhla, and Chassigny) meteorites (14, 16, 21-24) 
has revealed a combination of volatile abun- 
dances and isotope systematics (14, 15, 21, 25-27) 
for noble gases, N>, and CO, that is possible only 
with origin on Mars or a very Mars-like parent 
body (28). Although the Viking abundance and 
isotope measurements provided evidence sup- 
porting the hypothesis that the SNCs are from 
Mars, the meteorites contain volatiles from other 
sources [for example, magmatic or possible com- 
etary delivery (29)], in addition to trapped atmo- 
spheric gases that cause some variations among 
the meteorite values and differences between 
meteorite and Viking measurements. In addi- 
tion to the uncertainties introduced by multiple 
sources of volatiles in the SNC meteorites, the 
solubility of the volatiles and their partitioning 
in glass and in the constituent mineral phases 
affects both the abundance value and the iso- 
topic signature, including those of the noble 
gases (30, 37). The SAM data are therefore key 
to constraining the atmospheric component 
of data obtainable from meteorites with in situ 
observations. 

Many previous composition measurements 
analyzed only a single or a small number of spe- 
cies. The SAM instrument suite, with the use of 


45, 46, and 47 (black ticks 
at top of plot). 
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Table 1. Volume mixing ratio measurements 
from Curiosity during the first 105 sols of the 
landed mission. 


Gas Volume mixing ratio (QMS) 
C02 0.960(+0.007) 

Ar 0.0193(+0.0003) 

No 0.0189(+0.0003) 

02 1.45(+0.09) x 107 

co <1.0 x 10°? 


both the TLS and QMS, is able to make multiple, 
high-precision composition measurements over 
the course of the mission. In addition, SAM’s 
QMS and TLS provide fully independent analy- 
ses of carbon isotopes. Repeat runs reported 
here were carried out at nearly the same time in 
the early evening on Mars to validate results. 
Each measurement set of the type implemented 
to date (32) represents a comprehensive anal- 
ysis of the main constituents of the martian 
atmosphere. 

SAM confirms the identity of the four most 
abundant gases in the martian atmosphere, with 
CO, being by far the major constituent. The 
SAM results for O2 (Tables 1 and 2) are con- 
sistent with the recent Herschel (//) observations. 
SAM secures an upper limit for the CO mixing 
ratio (Tables | and 2) that is consistent with the 
Herschel data and the mean of all remote sensing 
spectroscopic measurements (~9 * 10 4). Differ- 
ences in CO mixing ratios are expected and are 
related to the abovementioned seasonal effects, 
as dynamics and mixing rather than chemistry are 
expected to dominate the behavior of CO in the 
homosphere due to the 3-year photochemical 
lifetime of CO. In addition to seasonal effects, 
localized, heterogeneous surface effects may also 
affect SAM measurements of CO because of 
possible adsorption of CO onto the surface dur- 
ing cold martian nights—when SAM data were 
collected—and reevaporation during warmer 
daytime. The Herschel observations, on the other 
hand, are weighted to higher in the atmosphere. 
Unlike CO, seasonal variation in O has not yet 
been observed. 

The most notable differences between the 
SAM measurements and previous data are in 
the relative abundances of Ar and N; and in the 
isotopic compositions of Ar and CO. The Ar/N> 
ratio and the N isotopes provide important con- 
straints to models for assessing the relative con- 
tributions of internal and atmospheric sources to 
gas inclusions in shock-produced glassy martian 
meteorites. The isotope data are important for 
constraining models of atmospheric evolution. 
Whereas Viking found nitrogen and argon to be 
the second and third most abundant atmospheric 
gases at 2.7 and 1.6% by volume, respectively, 
SAM determines nearly equal volume mixing 
ratios for these constituents. Ar is found to be 
21% greater, whereas N> is 30% lower than the 
Viking values. The resulting Ar/N> ratio of 1.02 
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Table 2. Isotopic composition measurements from Curiosity during the first 105 sols of the 


landed mission. N/A, not applicable. 


Isotopes Isotopic composition (QMS) Isotopic composition (TLS) 
arPOAr 1.9(+0.3) x 10° N/A 

88 Cvpos 45(£12) %o* 46(£4) %ot 
88Oveps N/A 48(+5) %o 
*5™Cvppe is derived from m/z 12 and 13. +8" Cvpos, as derived from m/z 45 and 46, is described in the supplementary 
materials. 


measured by SAM is ~1.7 times greater than the 
value reported from Viking measurement (4). Both 
Ar and N> are noncondensable and practically 
inert gases on Mars, so their relative abundances 
are not expected to change considerably with time. 
We suspect that the difference from Viking re- 
sults is due to different instrumental character- 
istics rather than some unknown atmospheric 
process, although seasonal variation in N> is yet 
to be tracked. The use on Mars of a turbomo- 
lecular pumping system (33), as well as repeated 
SAM analyses are expected to produce a more 
accurate determination of the ratio of these gases 
than the previous Viking in situ measurements 
whose mass spectrometers employed small ion 
pumps. 

The SAM QMS offers independent validation 
of the "3 ‘Cyppp value in CO, measured by the 
TLS (34). The average of three SAM QMS at- 
mosphere measurements gives &°Cyppp value 
of 45 + 12 %o, which is fully consistent with the 
independently measured TLS value of 46 +4 %o 
(34). This observed ~5% enrichment in the heavier 
carbon isotope in the martian atmosphere com- 
pares well with previous measurements of BC. 
enriched carbon of atmospheric origin in martian 
meteorite EETA79001 (22, 35). The data support 
the hypothesis that significant carbon has been 
lost from the martian atmosphere over time by 
sputtering (36). 

The *°Ar/°Ar ratio of 1900 + 300 measured 
by SAM is within error of the trapped atmosphere 
measured (/5) to be 2050 + 170 in quenched 
shock-produced melts in martian meteorite 
EETA79001 (27, 37, 38) but is considerably 
smaller than the value of 3000 + 500 reported 
by Viking (4). Laboratory studies of shock im- 
plantation into silicate liquid have demonstrated 
that this process is a nearly quantitative recorder 
of atmospheric composition (39, 40), and the 
implanted gases in meteorite shock-produced 
melts compared with the Viking in situ measure- 
ments of the atmosphere have been used as the 
best evidence to tie these meteorites to Mars 
(14, 15, 21, 41). However, noble gases released 
from shock-produced glasses in EETA79001 
contained at least three components (27): (i) 
martian air, (ii) terrestrial contamination, and 
(iii) a martian interior component with low 
Par Ar. 

Even with the somewhat lower value mea- 
sured by SAM, the “°Ar/**Ar of the martian 
atmosphere is highly elevated relative to the 
terrestrial ratio of 296. The enrichment in the 


radiogenic *°Ar over nonradiogenic *°Ar has 
been interpreted as evidence for significant loss 
of the primordial martian atmosphere early in 
the planet’s history, followed by partial degass- 
ing of Ar. Subsequent loss to space is expected 
to lead to enrichment of the *°Ar over *°Ar (42, 43) 
by the same processes that have reduced the 
3¢Ar/*Ar ratio in the martian atmosphere. The 
latter ratio as inferred from EETA79001 glasses 
(/5, 38) was found to be ~4, much different from 
the terrestrial, chondritic, solar, and jovian (44) 
values which range in order from 5.3 to ~5.5. It is 
notable that the “°Ar*°Ar ratio has not changed 
appreciably since the ejection of EETA79001 from 
the planet ~700,000 years ago. This provides a 
constraint on the extent of very recent inputs of 
gas to the atmosphere from volcanic or com- 
etary sources. The carbon dioxide isotope data 
support the hypothesis that a significant amount 
of carbon has escaped from the martian atmo- 
sphere over time, resulting in preferential loss 
of the lighter isotope of carbon and the observed 
enrichment in "°C (45). This implies that atmo- 
spheric escape has dominated over exchange with 
unfractionated surface reservoirs that exist in the 
crust or mantle. 
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Ice-Shelf Melting Around Antarctica 


E. Rignot,** S. Jacobs,’ J. Mouginot,* B. Scheuchl* 


We compare the volume flux divergence of Antarctic ice shelves in 2007 and 2008 with 1979 

to 2010 surface accumulation and 2003 to 2008 thinning to determine their rates of melting and 
mass balance. Basal melt of 1325 + 235 gigatons per year (Gt/year) exceeds a calving flux of 
1089 + 139 Gt/year, making ice-shelf melting the largest ablation process in Antarctica. The giant 
cold-cavity Ross, Filchner, and Ronne ice shelves covering two-thirds of the total ice-shelf area 
account for only 15% of net melting. Half of the meltwater comes from 10 small, warm-cavity 
Southeast Pacific ice shelves occupying 8% of the area. A similar high melt/area ratio is found 

for six East Antarctic ice shelves, implying undocumented strong ocean thermal forcing on 


their deep grounding lines. 


he Antarctic Ice Sheet and its 58-m sea 
level equivalent (/) is buttressed along 
most of its periphery by floating exten- 
sions of land ice called ice shelves and floating 
ice tongues (Fig. 1). Ice shelves cover an area 
>1.561 million km?, comparable in size to the 
Greenland Ice Sheet, and fringe 75% of Antarc- 
tica’s coastline while collecting 20% of its snow- 
fall over 11% of its area (2, 3). These features are 
nourished by the inflow of continental ice from 
grounded glaciers, surface accumulation, and 
freezing of marine ice on their undersides. They 
lose mass to iceberg calving and basal melting 
along with topside sublimation and wind drift. Ice 
shelves exert considerable control on glacier sta- 
bility and Antarctic Ice Sheet mass balance (4-6) 
and play important roles in ocean stratification 
and bottom water formation (7). 

The traditional view of ablation from Ant- 
arctic ice shelves has been that it occurs most- 
ly by iceberg calving, with basal melting only 
contributing 10 to 28% of the total mass loss 
(3-6). Estimates of ice-shelf meltwater produc- 
tion derived from oceanographic data (8—/0, 
e.g.) are impractical for synoptic circumpolar 
coverage. Numerical simulations of ice-ocean 
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interactions extend from individual ice shelves 
to circumpolar models at various resolutions, 
but comparisons with observations are lim- 
ited, and estimates of total ice-shelf meltwater 
production have varied from 357 to 1600 giga- 
tons per year (1 Gt = 10!” kg) (3, 7, 11). Gla- 
ciological estimates have focused on few ice 
shelves (6, /2, 13) or near a fraction of glacier 
grounding lines (/4) due to incomplete velocity 
and thickness mapping. 

Here, we present more accurate, higher-resolution 
glaciological estimates of ice-shelf melting around 
the entire continent. At any point on an ice shelf 
of thickness H and velocity vector v, the rate of 
ice-shelf thickening OH/ot equals the sum of net 
surface mass balance SMB minus net basal melt- 
ing B minus the lateral divergence in volume flux 
Hy (15). A negative value of B indicates the 
freeze-on of marine ice. The calculation of vol- 
ume flux divergence on a point per point basis 
yields the distribution of freeze/melt (Fig. 1). 
The integration of the total inflow and outflow 
within the ice-shelf perimeters yields the area- 
average melt rate and total meltwater production 
(Table 1). 

For SMB, we use output products from the Re- 
gional Atmospheric and Climate Model RACMO2 
(16), which is forced at the lateral boundary and 
sea surface by global reanalyses of the European 
Centre for Medium-Range Weather Forecasts. 
RACMO2? includes surface meltwater retention 
due to refreezing, evaporation, wind drift, and 


sublimation. The products have been validated 
with field data and an error propagation anal- 
ysis (17) to a precision of 7 to 25%, average 10%, 
depending on location. We use the average SMB 
for the years 1979 to 2010 to represent a longer- 
term state. 

Ice-shelf thickness is from Operation IceBridge 
(OIB) (18, 19) and BEDMAP-2 (/) (fig. $1, sup- 
plementary materials). It combines direct measure- 
ments from radio-echo sounding, with indirect 
estimates from altimetry-derived ice-shelf sur- 
face elevation assuming hydrostatic equilibri- 
um with a nominal precision of 15 to 50 m (20). 
Flux gates are selected at the location of Inter- 
ferometric Synthetic Aperture Radar (InSAR)— 
derived grounding lines, which are more precise 
than those derived from photogrammetric tech- 
niques or visible imagery (2/), with accompanying 
impacts on estimates of volume fluxes. Ice-front 
flux gates are at the seaward limit of the volume 
flux data, within 1 to 3 km of ice-front positions 
digitized from a 150-m spacing mosaic of Ad- 
vanced Land Observing System (ALOS) Po- 
larimetric SAR (PALSAR) data for the years 
2007 and 2008. 

Ice-shelf flow vector velocities are from InSAR 
data collected in 2007 and 2008 and processed 
at 450-m spacing (22). The average precision 
in speed is 4 m/year and 1.7° in direction (fig. 
S82). In the absence of vertical shear on floating 
ice, the surface-derived velocity is equivalent to a 
depth-averaged velocity. We surveyed 99.5% 
of Antarctic ice-shelf area in 2007 and 2008 
(Table 1), or 1.554 million km’, excluding a few 
smaller ice shelves where ice thickness is not 
well known (table S1). Drainage boundaries 
between ice shelves, including the eastern and 
western Ross, are defined by flow vector direc- 
tion. Ice rises and islands are excluded from the 
ice-shelf area estimates but included in the SMB 
calculation. 

Ice-shelf thickening 0H/0t for the period 2003 
to 2008 is calculated using the procedure in 
(23), with an error dependent on firn depth cor- 
rections (fig. $3). The results are combined 
with SMB and the flux divergence to calculate 
B, with a precision dominated by uncertainties in 
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ice-front thickness and fim depth corrections (ta- 
ble S1). We also calculate the results for @H/ot = 
0, i.e., no ice-shelf thickness change, to obtain a 
reference rate B,, corresponding to the amount 
of freezing or melting that would be required to 
maintain an ice shelf in “steady state” for 2007 
and 2008 (fig. S4). 

The freeze/melt distribution confirms that 
basal melting is strongest near the grounding 
zones of major glaciers and along the ice fronts 
of some of the largest ice shelves, especially 
Ronne (Fig. 1). Ice-shelf melting decreases away 
from grounding lines and becomes negative 
(accretion of marine ice) on all large ice shelves 
and some smaller ice shelves. This general pat- 
tern of melting and freezing beneath ice shelves 
is well understood (4-6, /5) and is governed 
by the Coriolis-influenced transport and verti- 
cal mixing of ocean heat, the pressure depen- 
dence of the freezing point of seawater, and 
the sea floor and cavity morphology. On some 
large ice shelves, freezing is concentrated on the 
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western sides, consistent with an oceanic circu- 
lation during which seawater is first cooled, fresh- 
ened, and made more buoyant by melting. 

The highest melt rates are detected in the 
Southeast Pacific sector of the Antarctic Penin- 
sula and West Antarctica, from the northern end 
of George VI to the western end of Getz Ice Shelf: 
On slow-moving to nearly stationary ice shelves 
like the Wilkins, George VI, Abbot, and Sulzberger, 
basal melting entirely consumes the inflow of 
individual glaciers within a few km of their 
grounding zones. High melt rates are also re- 
vealed in the grounding zones of the Amery, 
Moscow University, Shackleton, and Totten in 
East Antarctica. 

In contrast, low melt rates are found under 
the largest ice shelves—for example, the Ross 
West—except near deep grounding lines. Max- 
imum grounding-line depth is only 0.9 km under 
the Ross West but 2.1 km under the Filchner and 
Ronne, 1.8 km under the Ross East, and 2.4 km 
under the Amery (/). Each additional 100 m adds 
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0.076°C to the thermal driving of seawater that 
may have started out near the sea-surface freezing 
point. Differences in observed melt rate may also 
be accentuated by variations in flushing time and 
tidal activity (24). 

Total ice inflow and outflow for each ice 
shelf is summarized in Fig. 1 and Table 1. Ice- 
front flux is a proxy for, but not identical to, 
iceberg calving, which occurs at irregular time 
intervals ranging from days to decades. The 
higher basal melting near some ice-shelf fronts 
(12, 25) results from stronger tidal currents and 
mixing, especially in combination with a shallow 
water column (24), as along the eastern front 
of Ronne [150 + 50 m in (/) versus 350 + 100 m 
for Ross or 500 + 250 m for Filchner]. Ice- 
front fluxes may overestimate iceberg calving 
where near-ice-front melting is substantial and 
calving is infrequent; conversely, large icebergs 
may on average be thicker than the ice front, 
in which case ice-front fluxes underestimate 
calving. 
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Fig. 1. Basal melt rates of Antarctic ice shelves. Color coded from 
<-5 miyear (freezing) to >+5 m/year (melting) and overlaid on a 2009 Mod- 
erate Resolution Imaging Spectroradiometer mosaic of Antarctica. Ice-shelf 
perimeters in 2007 and 2008, excluding ice rises and ice islands, are thin 
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black lines. Each circle graph is proportional in area to the mass loss from 
each shelf, in Gt/year, partitioned between iceberg calving (hatch fill) and 
basal melting (black fill). See Table 1 and table $1 for additional details on 
ice-shelf locations, areas, and mass balance components. 
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Table 1. Meltwater production of Antarctic ice shelves, with ice shelves 
named in Fig. 1. Areas in square kilometers exclude ice rises and islands. 
Grounding-line flux (GL), surface mass balance (SMB), ice-front (proxy for 
calving) flux (Ice Front), ice-shelf mass gain (GH/ct in water mass equivalent), 
and basal meltwater production in Gt/year, with area-average basal melt rate 
in meters of water per year indicated in parenthesis. Total Antarctica in the 


last row includes nonsurveyed coastal sectors. Ice-shelf names are from United 
States Geological Survey and (3). Surveyed ice-shelf mass loss of 287 + 89 Gt/year 
in 2003 to 2008 (GH/ét) is 28 + 9% higher than that required to maintain 
the ice shelves in steady state for 2003 to 2008. *, Larsen B data (velocity, 
thickness) before the 2002 collapse; thinning rate from the remnant part of 
the ice shelf only. Additional details in table $1. 


Name Area GL SMB Ice front OH/ét Basal melt 
km? Gt/year Gt/year Gt/year Gt/year Gt/year (m/year) 

Larsen G 412 0.9 + 0.2 0.1+0 0721 0.0+0 0.3 + 0.2 (0.71 + 0.6) 
Larsen F 828 1.5 +0.3 0.3401 0641 -0.7+0.5 1.2 + 0.4 (1.4 + 0.5) 
Larsen E 1,184 3.6+0.7 0.4+0.1 1521 11+07 1.4 +1 (1.2 + 0.9) 
Larsen D 22,548 18.544 98+2 63241 20.5+14 1.4 + 14 (0.1 + 0.6) 
Larsen C 46,465 29.6 +3 23.824 31.3 +3 1.4 + 67 20.7 + 67 (0.4 + 1) 
Larsen B* 6,755 13.6 +3 3.0 + 0.6 8.941 -4.5 +13 12.2 + 14 (1.8 + 2) 
Wordie 277 13.841 0.3 +0 7643 -0.1+0 6.5 + 3 (23.6 + 10) 
Wilkins 12,866 7.842 8342 0.7+0.4 -3.4+16 18.4 +17 (1.5 + 1) 
Bach 4,579 5441 18 + 0.3 0.8 + 0.2 -4.0 + 0.3 10.4 + 1 (2.3 + 0.3) 
George VI 23,434 68.2 +5 127-22 5.7+1.2 —13.8 + 16 89.0 + 17 (3.8 + 0.7) 
Stange 8,027 21.0 + 3 6.041 4.6+0.8 5.625 28.0 + 6 (3.5 + 0.7) 
Antarctic Peninsula 127,375 184 + 26 66 +13 69 + 13 -9+74 191 + 80 (1.5 + 0.6) 
Ronne 338,887 156.1 + 10 59.3411 149.2 + 22 -47.4 + 22 113.5 + 35 (0.3 + 0.1) 
Ferrigno 117 112+1 0.16 +0 6.642 -0.3+0 5.1 + 2 (43.4 + 17) 
Venable 3,194 14.6 +2 3521 6521 —7.7+1 19.4 + 2 (6.1 + 0.7) 
Abbot 29,688 34.0+4 25.025 2.4+0.5 4.7+18 51.8 + 19 (1.7 + 0.6) 
Cosgrove 3,033 Bi2tt 1.5 + 0.3 1341.2 -3.1+2 8.5 + 2 (2.8 + 0.7) 
Pine Island 6,249 126.4 + 6 4.6+0.9 62.345 -33.2+2 101.2 + 8 (16.2 + 1) 
Thwaites 5,499 113.5 +4 48+ 0.9 54.525 -33.7+3 97.5 +7 (17.7 + 1) 
Crosson 3,229 27.442 3.7+0.7 11.7 2:2 -19.2+1 38.5 + 4 (11.9 + 1) 
Dotson 5,803 28.4 +3 5.741 5.5 + 0.7 -16.6+2 45.2 + 4 (7.8 + 0.6) 
Getz 34,018 96.745 34.247 53.542 —67.6 + 12 144.9 + 14 (4.3 + 0.4) 
Land 640 14.541 0.8+0.1 12.2+1 -0.7 + 0.3 3.8 +1 (5.9 + 2) 
Nickerson 6,495 7.841 4.6+0.9 4.3+0.6 3941 4.2 + 2 (0.6 + 0.3) 
Sulzberger 12,333 15.142 8.242 1.0 + 0.2 41+2 18.2 + 3 (1.5 + 0.3) 
Swinburne 900 4.9+0.4 0.9 + 0.2 1.5 + 0.3 0.6 + 0.2 3.8 + 0.5 (4.2 + 0.6) 
Withrow 632 1.3 +0.2 0.3 + 0.0 1.2 + 0.3 0.1+0.1 0.3 + 0.4 (0.5 + 0.6) 
Ross West 306,105 73.044 33.546 100.4 +8 7.6417 -1.4 + 20 (0.0 + 0.1) 
West Antarctica 756,822 730 + 47 191 + 36 494 + 57 —-208 + 36 654 + 89 (0.9 + 0.1) 
Ross East 194,704 56.144 31.0+6 45.944 -7.8+11 49.1 + 14 (0.3 + 0.1) 
Drygalski 2,338 9.6+0.6 0.3 +01 3.0+1 7.6 + 1 (3.3 + 0.5) 
Nansen 1,985 1340.5 0.3 +01 0.2+0.1 1.1 + 0.6 (0.6 + 0.3) 
Aviator 785 11+ 0.2 0.2 +0. 0.2+0.1 1.4 + 0.2 (1.7 + 0.3) 
Mariner 2,705 2.5+0.4 11+ 0.2 0.6 + 0.2 2.4 + 0.6 (0.9 + 0.2) 
Lillie 770 3.6+0.3 0.2 +0. 0.5 +01 3.4 + 0.3 (4.4 + 0.4) 
Rennick 3,273 4821 0.7 +01 0.8 + 0.2 7.0 + 1 (2.2 + 0.3) 
Cook 3,462 36.0 +3 1.7+0.3 27.6 +3 4.6 +5 (1.3 + 1) 
Ninnis 1,899 27.6 +2 1.3 + 0.2 24.6 +3 2.2 + 3 (1.2 + 2) 
Mertz 5,522 20.00+1 3.6 + 0.7 12.0+2 7.9 + 3 (1.4 + 0.6) 
Dibble 1,482 125:+.1 1.5 + 0.3 8.2+0.9 8.1 + 1 (5.5 + 0.9) 
Holmes 1,921 26.0 + 2 2.8 + 0.5 24.744 6.7 + 4 (3.5 + 2) 
Moscow Univ. 5,798 52.341 4740.9 29.6 +3 27.4 + 4 (4.7 + 0.8) 
Totten 6,032 71.0 +3 6241 28.0 +2 63.2 + 4 (10.5 + 0.7) 
Vincennes 935 12.7+1 0.5+0.1 6.841 5.0 + 2 (5.3 + 2) 
Conger/Glenzer 1,547 1.7404 0.9 + 0.2 11+0.8 3.6 + 1 (2.3 + 0.9) 
Tracy/Tremenchus 2,845 0.6 +0.4 1.0 + 0.2 0.2 +01 -1.7+2 3.0 + 2 (1.5 + 0.7) 
Shackleton 26,080 55.0+4 16.2 +3 30.3 +3 —31.7+14 72.6 + 15 (2.8 + 0.6) 
West 15,666 41944 6.941 32.6+7 -11.1+7 27.2 + 10 (1.7 + 0.7) 
Publications 1,551 5.8 + 0.8 0.4+0.1 5.221 -0.5+0.8 1.5 +2 (10+ 1) 
Amery 60,654 56.0+0.5 8.542 50.4+8 -21.4+21 35.5 + 23 (0.6 + 0.4) 
Wilma/Robert/Downer 858 10.3 +0.5 0.6401 0.8 + 0.4 0.0+0 10.0 + 0.6 (11.7 + 0.7) 
Edward VIII 411 41+0.8 0.4+0.1 0.3401 0.0+0 4.2 + 0.8 (10.2 + 2) 


continued on next page 
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Table 1 continued 


Area GL SMB Ice front OH/ét Basal melt 

Name km? Gt/year Gt/year Gt/year Gt/year Gt/year (m/year) 

Edward VIII 411 4.1+0.8 04401 0.3 +01 0.00+0 4.2 + 0.8 (10.2 + 2) 
Rayner/Thyer 641 14.221 0.3401 7.8+0.6 0.00+0 6.7 +1 (10.5 + 2) 
Shirase 821 15.021 04+01 9621 0.0+0 5.7 +1 (7.0 + 2) 
Prince Harald 5,392 8.3+1 41+ 0.8 10.3 +2 4.0+2 —2.0 + 3 (-0.4 + 0.6) 
Baudouin 32,952 22.0 +3 8.442 6541 9.8+11 14.1 + 12 (0.4 + 0.4) 
Borchgrevink 21,580 19.6 + 3 6141 17.543 0.7+4 7.5 + 6 (0.3 + 0.3) 
Lazarev 8,519 3.7 + 0.6 2.0 + 0.4 3.1241 3.642 6.3 + 2 (0.7 + 0.2) 
Nivl 7,285 3.9 + 0.8 1.8 + 0.3 1340.4 0.6+1 3.9 + 2 (0.5 + 0.2) 
Vigrid 2.089 2.7+0.4 0.4+0.1 2.0 + 0.4 -2.0+0.4 3.2 + 0.7 (1.5 + 0.3) 
Fimbul 40,843 24.944 12:7 £2 18.2 +2 -4.0+7 23.5 + 9 (0.6 + 0.2) 
Jelbart 10,844 9924 49+0.9 8.842 6.942 -1.0 + 3 (-0.1 + 0.3) 
Atka 1,969 0.9 + 0.2 0.8+01 1.0 + 0.2 1.1+0.2 -0.5 + 0.4 (-0.2 + 0.2) 
Ekstrom 6,872 41+0.8 2.6 + 0.5 2.3 + 0.6 0.0+0 4.3 + 2 (0.6 + 0.2) 
Quar 2,156 1.0 +0.2 05+01 0.6 +01 -0.5+04 1.4 + 0.5 (0.7 + 0.2) 
Riiser-Larsen 43,450 21.543 12.7 +2 12.1+2 13.4+8 8.7 + 9 (0.2 + 0.2) 
Brunt/Stancomb 36,894 20.3 + 3 11.442 28.144 2644 1.0 + 7 (0.03 + 0.2) 
Filchner 104,253 97.7+6 13.442 82.8 + 4 -13.6+7 41.9 + 10 (0.4 + 0.1) 
East Antarctica 669,781 782 + 80 174 + 33 546 + 70 -70 + 34 480 + 116 (0.7 + 0.2) 
Total surveyed 1,553,978 1,696 + 146 430+ 81 1,089 + 139 -287 + 89 1,325 + 235 (0.85 + 0.1) 
Total Antarctica 1,561,402 2,048 + 149 1,265 + 141 1,500 + 237 


The total ice-shelf grounding-line inflow of 
1696 + 146 Gt/year combined with an SMB input 
of 430 + 81 Gt/year is partitioned into an ice-front 
flux of 1,089 + 139 Gt/year and a basal meltwater 
production of 1,325 + 235 Gt/year. Basal melting 
thus accounts for 55 + 10% of ice-shelf mass ab- 
lation. The corresponding area-average melt rate 
of 85 + 15 cm/year is three times as large as the 
average SMB on ice shelves (28 + 5 cm) and five 
times the average SMB on grounded ice sheet (16 + 
1 cm) (/6), illustrating the considerable importance 
of ocean interactions in freshwater transfers be- 
tween the ice and ocean. 

The grounding-line flux of all surveyed ice 
shelves accounts for 83 + 7% of the total ice dis- 
charge into the Southern Ocean (Table 1). Total 
Antarctic grounded ice discharge (26) is 352 + 
30 Gt/year higher than our grounding-line flux 
because of additional discharge from smaller ice 
shelves and ice walls that terminate in the ocean 
(27). An equal partitioning of these missing areas 
between calving and basal melting (see supplemen- 
tary materials) would increase in situ meltwater 
production to 1500 + 237 Gt/year and ice-front 
flux to 1265 + 139 Gt/year. 

The comparison of basal melting B (Fig. 1) 
with steady state melting B,, (fig. S4, Table 1, and 
table S1) shows that many ice shelves are near 
equilibrium (B ~ B,.), whereas some are thicken- 
ing (B < B,,) and others are thinning (B > B,,). 
High basal melting is therefore not synonymous 
with thinning. Ice shelves with high melt rates can 
be in a state of mass balance, but meltwater pro- 
duction is 28 + 9% higher than required to main- 
tain the ice shelves in overall steady state (1037 + 
218 Gt/year). Ice shelves in the Amundsen Sea 
sector (Pine Island to Getz) contribute 59% of the 
287 + 89 Gt/year imbalance, an attrition rate twice 
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that of their glacier source regions over the same 
time period (26). Similarly, the total imbalance of 
all Antarctic ice shelves combined is more than 
twice that of the grounded ice (26). 

The ratio of calving to melting averages 
0.45 + 0.3, but exhibits considerable regional 
variability (Table 1), with area-average melt 
rates varying from negative to > 40 m/year. This 
wide range reflects diverse ocean environments, 
which include seawater temperature, the depths 
of troughs and sills that influence the access of 
oceanic heat to ice-shelf cavities, and the sea-ice 
formation and drifts resulting from atmospheric 
forcing. 

Large ice shelves generate a disproportion- 
ally small portion of the total ice-shelf melt- 
water despite high production rates in their deep 
grounding zones and along lengthy ice fronts. 
The four giants with areas >100,000 km? (Ross 
East, Ross West, Filchner, and Ronne) cover 
61% of the total ice-shelf area but contribute 
only 15% of the meltwater at an average rate of 
13 cnvyear. The low melt rates result from the 
relatively weak ocean heat source provided by 
cold shelf waters, in turn leading to substantial 
marine ice accretion (28). Despite areas 3 to 
10 times as large as the Getz, none of the big four 
ice shelves produce as much meltwater, with the 
Ross West contributing no net melt. Meltwater 
from the Southeast Pacific-Antarctic sector (George 
VI through Getz) accounts for 48% of the total 
meltwater over only 8% of the area, with the 
Getz being the largest meltwater source in Ant- 
arctica during the study period. B averages 
5.1 m/year in this region, from a maximum 
of 43 m/year under the short Ferrigno Glacier 
tongue to a minimum of 1.8 m/year beneath the 
Abbot. That area-average rate may seem low 


for a warm-cavity Southeast Pacific ice shelf, 
but the moderate-sized, shallow-draft Abbot 
(29) ranks eighth overall in meltwater produc- 
tion, while maintaining a positive mass balance 
(B < By). 

Meltwater production from several small 
East Antarctic ice shelves in the Wilkes Land 
sector is larger than expected. Area-average 
melt rates from Dibble through Vincennes (4 
to 11 m/year) are comparable to Amundsen Sea 
ice-shelf rates from Crosson through Land (4 
to 11 m/year), whereas meltwater produced by 
Shackleton and West (73 and 27 Gt/year, respec- 
tively) rivals that from Thwaites and Sulzberger 
(98 and 18 Gt/year, respectively). Except for 
the region from 140° to 150°W where Mertz and 
Ninnis melting is dominated by shelf waters, 
oceanographic data are sparse along the Wilkes 
Land coastline. “Modified” warm deep water at 
a temperature near 0°C has been reported 40 km 
south of the continental shelf break northeast 
of Totten (30). By analogy with observations in 
the Amundsen Sea, our results suggest the pres- 
ence of seawater at similar temperatures under 
several East Antarctic ice shelves. Even 0° sea- 
water at outer continental shelf depths could 
expose ice shelves with deep grounding lines 
like the Totten (2.2 km), Moscow (2.0 km), and 
Shackleton (1.8 km) to temperatures more than 
3°C above their melting points. To evaluate the 
impact of these warm deep waters on ice-shelf 
melting, more information is needed about their 
spatial and temporal variability on the outer shelf 
and links through glacially scoured troughs to the 
vulnerable glacier grounding lines. 

Our glaciological estimates are generally con- 
sistent with recent results from high-resolution 
ocean models in the Amundsen, Bellingshausen, 
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and Weddell Seas (29, 3/—33) (see supplemen- 
tary materials), but total melting of 10 of the 
larger ice shelves is notably less here than in 
circumpolar models (7, //). Discrepancies be- 
tween model results and observations have 
been attributed to deficiencies in atmospheric 
forcing, the representation of sea-ice cover, the 
smoothing of bottom topography, and assump- 
tions regarding cavity shape. Some models yield 
annual cycles and decadal variability (29) that 
can now be compared for specific periods with 
glaciological measurements, which need to be 
extended in time. 

Our results indicate that basal melting accounts 
for a larger fraction of Antarctic ice-shelf attrition 
than previously estimated. These improved glaci- 
ological estimates provide not only more accurate 
and detailed reference values for modeling but 
also a baseline for similar future studies. Ice-shelf 
meltwater production exhibits a complex spatial 
pattern around the continent, with an outsized 
contribution of smaller, fast-melting ice shelves 
in both West and East Antarctica. Warm-cavity ice 
shelves along the Southeast Pacific coastline, pre- 
dicted and observed to be sensitive to ocean warm- 
ing and circulation strength (9, 34), were thinning 
rapidly in 2003 to 2008 (23). Nearly half of the East 
Antarctic ice shelves were also thinning, some due 
to probable exposure to “warm” seawater, with 
connections to ice drainage basins grounded below 
sea level. 

Continued observations of ice-shelf velocity 
and thickness change, along with more detailed 
information on cavity shape, seafloor topography, 
and atmospheric and oceanic forcing variability 
are critical to understand the temporal variability 
and evolution of Antarctic ice shelves. Continued 
warming of the ocean will slowly increase ice- 


shelf thinning, but if major shifts in sea ice cover 
and ocean circulation tip even large ice-shelf 
cavities from cold to warm (35), there could be 
major changes in ice shelf and thus ice-sheet 
mass balance. 
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Lethal Aggression in Mobile 
Forager Bands and Implications 
for the Origins of War 


Douglas P. Fry*** and Patrik Séderberg*? 


It has been argued that warfare evolved as a component of early human behavior within 
foraging band societies. We investigated lethal aggression in a sample of 21 mobile forager band 
societies (MFBS) derived systematically from the standard cross-cultural sample. We hypothesized, 
on the basis of mobile forager ethnography, that most lethal events would stem from personal 
disputes rather than coalitionary aggression against other groups (war). More than half of the 
lethal aggression events were perpetrated by lone individuals, and almost two-thirds resulted 
from accidents, interfamilial disputes, within-group executions, or interpersonal motives such as 
competition over a particular woman. Overall, the findings suggest that most incidents of 

lethal aggression among MFBS may be classified as homicides, a few others as feuds, and a 


minority as war. 


controversy exists regarding mobile for- 
ager band societies (MFBS) and war- 


fare. Field researchers who have worked 
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with MFBS generally report that warfare is ab- 
sent or rudimentarily developed (/—6). Fry (7) 
compared MFBSs with complex and equestri- 
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an foragers and found that most MFBS (62%) 
were nonwarting, whereas all of the complex 
and equestrian societies made war. On the other 
hand, Wrangham and Glowacki [(8), p. 7] de- 
veloped a chimpanzee-based lethal raiding mod- 
el, asserting that “humans evolved a tendency 
to kill members of other groups,” and they pro- 
vided ethnographic quotations on MFBS to il- 
lustrate the model. They [(8), p. 8] define war as 
when “coalitions of members of a group seek to 
inflict bodily harm on one or more members of 
another group; ‘groups’ are independent politi- 
cal units.” Bowles (9) examined war deaths in 
eight societies, six of which were MFBS, and re- 
ported the occurrence of war in all eight societies, 
which he takes as confirmation that war has been 
pervasive during human evolution. 
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There are two likely explanations for such di- 
vergent interpretations about warfare and MFBS: 
differences in how warfare is defined and dif- 
ferences in sampling procedure and composition 
(7, 8). Recognizing that definitional opinions 
differ, rather than making an a priori determi- 
nation regarding which events are classified as 
manslaughter, homicide, feud, or war, we instead 
consider the salient characteristics of each and 
every actual event involving lethal aggression in 
a systematically derived, representative sample 
of MFBS. 

There are numerous reasons to predict a 
paucity of warfare among MFBS (see supple- 
mentary materials). (i) In MFBS, group size is 
too small to support warfare. (ii) MFBS have 
egocentric social networks with descent gen- 
erally figured bilaterally through both parental 
lines. This does not facilitate coalitional alliance 
formation useful in war. (iii) Group composition 
fluctuates over time, resulting in kinship and so- 
cial networks that cut across different groups, 
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a factor that dampens intergroup hostility. (iv) 
MEBS tend not to be segmented into subgroups. 
In terms of residence, MFBS tend to be multi- 
local, not patrilocal, thus lacking a residential 
pattern known to facilitate coalitions among 
male kin useful for war. (v) The social order is 
egalitarian and leadership is lacking; no one 
has the authority to order others to fight. (vi) 
Foraging areas are large, population densities 
low, and resources spread-out, making defense 
of territory difficult or impossible. (vii) Bound- 
aries often are controlled socially through use- 
requests and permission-granting. (viii) Typical 
spoils of war—material goods or stored food— 
are largely lacking, and the necessity of mobility 
makes the capture and containment of individ- 
uals against their will (e.g., slaves or brides) im- 
practical (and runs counter to the MFBS ethos 
of egalitarianism). (ix) Conflicts within and be- 
tween groups are easily handled by separation 
and other conflict-resolution mechanisms. On 
the basis of these foregoing characteristics, we 
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Fig. 1. Lethal aggression events with multiple perpetrators in 21 MBFS. The distribution of all 
lethal events that involved multiple perpetrators is shown, based on whether there was a single victim 
(31 events) or multiple victims (29 events), out of a grand total of 148 lethal events. The figure reflects 
how the Tiwi are more violent than the other MFBS. Nearly half of the sample societies (10 of 21) had no 
lethal events perpetrated by two or more persons. Three societies had no lethal events at all. For each 
society, the total number of lethal events is in parentheses. 
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would expect lethal aggression in MFBS to be 
mostly interpersonal, not intergroup. Additional- 
ly, in mammals the killing of conspecifics is an 
atypical and infrequent form of aggression com- 
pared to displays, noncontact threats, and restrained 
aggression, so perhaps also for humans the de- 
velopment of an evolutionary model based on 
restraint as a widely documented phenomenon 
across species, rather than on rare killing behav- 
ior, merits consideration (/0). 

We extracted a subsample of purely MFBS 
(n = 21) from the standard cross-cultural sample 
(SCCS). To circumvent sampling bias, rather than 
self-selecting cases, we derived the sample of 
MFBS based on the published rating criteria of 
others researchers (//, 12). During data collection, 
we used only the principal authority sources 
(PAS) as the earliest, high-quality ethnographic 
descriptions available (/2). We considered every 
instance of lethal aggression reported for these 
21 MFBS (/3). 

The 21 MFBS produced a total of 148 lethal 
aggression events. The median number was 4 
(mean = 7.05; SD = 14.64), with a range from 
0 to 69. One society, the Tiwi of Australia, had 
an exceptionally large number of lethal events 
(n = 69). If the Tiwi case is removed, the me- 
dian number of lethal events for the remaining 
20 societies drops to 3.5, the mean is almost 
cut in half (mean = 3.95; SD = 3.69), and the 
range is reduced to 0 to 15. 

Of 135 lethal events with unambiguous per- 
petrator and victim information, 55% consisted 
of one killer and one victim. In 23% of the le- 
thal events, more than one person participated 
in killing a single individual, and in 22% of 
the events, more than one person participated 
in killing more than one person (Fig. 1). In only 
one lethal event (0.7%), did a single killer dis- 
patch more than one person (table S4, case 
18), and the two victims were children. Tiwi so- 
ciety reflects a different pattern wherein 44% 
of the lethal events involved one killer and one 
victim, whereas the corresponding figure for the 
other 20 societies combined was 64% (supple- 
mentary text). 

Thirty-six percent of the lethal events took 
place within the local band; for example, be- 
tween brothers, father and son, mother and child, 
in-laws, husbands and wives, companions, friends, 
clan “brothers,” neighbors, and so on (table S2). 
Six percent of all incidents involved husbands 
killing wives. In most lethal events (85%), the 
killers and victims were members of the same 
society. The remaining lethal aggression events 
involved persons from outside the society, such 
as shipwreck victims, colonists, missionaries, or 
neighboring indigenous cultures. Almost all of 
the killers were male, whether they acted alone 
or with others. Females were the killers or co- 
perpetrators in only 4% of the events. 

The reasons for the lethal events varied. 
Given that most lethal aggression involved one 
killer and one victim, the large number of personal 
motives for killing is not surprising (Table 1 and 
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table $3). Specifically, many lethal disputes in- 
volved two men competing over a particular wom- 
an (sometimes the wife of one of them), revenge 
homicide exacted by family members of a victim 
(often aimed at the specific person responsible for 
the previous killing), and interpersonal quarrels 
of various kinds; for instance, stealing of honey, 
insults or taunting, incest, self-defense or the pro- 
tection of a loved-one, and so on. Additionally, in 
some killing events, another person or persons 
supported a companion who acted out of per- 
sonal, not group, motives, such as when a friend 
assisted a husband in killing his wife’s lover (see 
table S4, case 109). 

About one third of the lethal events involved 
disputes between people of different groups (Table 
1). However, three-quarters (38 of 50) of in- 
tergroup disputes took place among the Tiwi 
alone. The percentage of intergroup disputes for 
the Tiwi exceeded 50% of their events, whereas 
the corresponding percentage for the other twenty 
societies was only about 15%. Another feature 
of the Tiwi data is the regular occurrence of 
strings of killings. Thirty-nine percent (27 of 69) 
of Tiwi lethal events occurred in seven separate 
strings (table S4, cases 129 to 131, 133 to 139, 
140 to 141 and 145, 142 to 144, 146 to 149, 150 
to 153, and 156 to 158), whereas only two strings 
of killings occurred in the other 20 societies 
(table S4, cases 10 to 13 and 82 to 89). 

The findings suggest that MFBS are not 
particularly warlike if the actual circumstances 
of lethal aggression are examined. Fifty-five per- 
cent of the lethal events involved a sole perpe- 
trator killing only one individual (64% if the 
atypical Tiwi are removed). One-person-killing- 


one-person reflects homicide or manslaughter, 
not coalitional killings or war. Additionally, 36% 
of all lethal events occurred within the same 
local group (62% if the atypical Tiwi are re- 
moved), and violence within a local group is not 
coalitional war. Only 15% of the lethal events 
occurred across societal lines. Some such events 
might fall within a definition of war, whereas 
others might not (such as when shipwreck sur- 
vivors were killed). Finally, very few lethal dis- 
putes were over resources. Overall, a consideration 
of reasons for lethal aggression reveals that most 
cases stemmed from personal motives consistent 
with homicide and, in some cases, family feuds, 
but much less often with lethal aggression be- 
tween political communities, or warfare (supple- 
mentary text). 

Approximately half of the societies had no 
lethal events that involved more than one per- 
petrator. This observation is incongruent with 
assertions by Bowles (9) and Pinker (/4) that 
war is prevalent in MFBS or by Wrangham 
and Glowacki (8) that humans have an evolved 
tendency to form coalitions to kill members of 
neighboring groups. Additionally, two or more 
persons killing a third person might or might not 
occur in the context of a coalition against an- 
other group or war. In some instances, motives 
such as sexual jealousy (table S4, e.g., cases 29 
and 109) or avenging the murder of a family 
member (table S4, e.g., case 157) are clearly per- 
sonal rather than stemming from hypothesized 
general hostility toward other groups. Most 
mammalian aggression also is between individ- 
uals. A different evolutionary perspective sup- 
ported by comparative mammalian data, game 


Table 1. Reasons for lethal aggression, from the personal to the communal. The atypical 
Tiwi findings are shown separately, followed by the other societies minus the Tiwi (n = 20), and 
the entire sample (n = 21), all in number of cases (with percentages in parentheses). A more 
detailed version of the table with case numbers for lethal aggression events is presented in 


table $3. 
Reason Tiwi only All others Total sample 
Interpersonal events 24 (34.8%) 50 (63.3%) 74 ~— (50.0%) 
Revenge against a particular killer(s) 9 (13.0%) 8 (10.1%) 17 (11.5%) 
Over a particular woman 8 (11.6%) 6 (7.6%) 14 (9.5%) 
Over a particular man 0 (0.0%) 1 (1.3%) 1 (0.7%) 
Husband kills wife 2 (2.9%) 7 (8.9%) 9 (6.1%) 
Wife kills husband 0 (0.0%) 0 (0.0%) 0 (0.0%) 
Miscellaneous interpersonal disputes* 5 (7.2%) 28 (35.4%) 33 (22.3%) 
Interfamilial feud 0 (0.0%) 6 (7.6%) 6 (4.1%) 
Within-group execution 0 (0.0%) 3 (3.8%) 3 (2.0%) 
Execution of outsiders 4 (5.8%) 3 (3.8%) 7 (4.7%) 
Intergroup events 38 (55.1%) 12 (15.2%) 50 (33.8%) 
Over borders/resources (e.g., fruit tree) 0 (0.0%) 2 (2.5%) 2 (1.4%) 
Theft of women from another group 0 (0.0%) 2 (2.5%) 2 (1.4%) 
Interclan revenge-seeking 17 (24.6%) 0 (0.0%) 17 (11.5%) 
During a general fight 4 (5.8%) 0 (0.0%) 4 (2.7%) 
Miscellaneous intergroup disputes* 17 (24.6%) 8 (10.1%) 25 (16.9) 
Accident 3 (4.3%) 3 (3.8%) 6 (4.1%) 
Starvation cannibalism 0 (0.0%) 2 (2.5%) 2 (1.4%) 
Grand total 69 (100%) 79 (100%) 148 (100%) 


*For a listing of miscellaneous events, see table $3. 
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theory on the evolutionary logic of fighting, 
and the observation that killing is an exceptional 
event in human societies leads to the counter- 
hypothesis that lethal behavior has been strongly 
selected against, not favored, in comparison to 
more restrained conflict behavior (7, 70, 15). 

Taken together, the current findings contra- 
dict recent assertions that MFBS regularly en- 
gage in coalitionary war against other groups 
(8), that “chronic raiding and feuding charac- 
terize life in a state of nature” [(/4), p. xxiv], or 
that MFBS war deaths are substantial in recent 
millennia and in the Pleistocene (9) (supplemen- 
tary text). Perhaps discrepancies between the fore- 
going propositions and the current findings can 
be accounted for by proposing that self-selection 
of ethnographic material may have exaggerated 
war (/0). Additionally, methodological factors 
such as relying heavily on only a few secondary 
sources (8), or estimating war mortality on the 
basis of genocidal massacres and murders of 
indigenous peoples by armed ranchers and 
settlers (9), can lead to misimpressions in com- 
parison to the use of systematic sampling pro- 
cedures, reliance on primary ethnographic data, 
and a focus on the specific circumstances of le- 
thal aggression cases in MFBS (7, /0). 

In conclusion, when all cases are examined 
for a systematically drawn sample of MFBS, 
most incidents of lethal aggression can aptly be 
called homicides, a few others feud, and only a 
minority warfare. The findings do not lend sup- 
port to the coalitionary model. The predictions 
are substantiated that MFBS, as a social type, 
possess many features that make warfare unlike- 
ly. The actual reasons for lethal aggression are 
most often interpersonal, and consequently, the 
particulars of most of the lethal events in these 
societies do not conform to the usual concep- 
tualization of war. 
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Interactions of Multisensory 
Components Perceptually Rescue 
Tungara Frog Mating Signals 


R. C. Taylor? and M. J. Ryan?3* 


Sexual signals are often complex and perceived by multiple senses. How animals integrate signal 
components across sensory modalities can influence signal evolution. Here we show that two 
relatively unattractive signals that are perceived acoustically and visually can be combined in 

a pattern to form a signal that is attractive to female tungara frogs. Such unanticipated 
perceptual effects suggest that the evolution of complex signals can occur by alteration of the 


relationships among already-existing traits. 


uman perception of stimuli in multiple 
H= modalities can positively influ- 

ence signal detection, selective attention, 
learning, and memory (/). One example is “hear- 
ing lips and seeing voices” in the McGurk effect 
(2), which provided the foundation for speech 
auditory-visual research (3). Studies of multi- 
modal communication in animals have often 
asked whether individual signal components in 
different sensory modalities are redundant or car- 
ry different information (4), but few studies have 
investigated how specific interactions influence 
signal perception (5). 

Female tiingara frogs base their mate choices 
on male mating calls. Specifically, males produce 
calls consisting of a whine alone or they may add 
up to seven chucks; they do not produce only 
chucks (6). Females exhibit phonotaxis (move- 
ment toward a call, a bioassay of call recognition 
and preference) to a whine only, but exhibit a 
fivefold preference for calls with a whine-chuck 
over a whine only [NV = 3662 (//); see also Fig. 
1A]. We tested female mate preferences in a 
series of two-choice tests. Synthetic male vocal- 
izations were broadcast from two speakers, one 
of which was paired with a robotic frog that pro- 
vided the visual stimulus of a calling male. Fe- 
males were released equidistant from the two 
speakers (with a 60° separation relative to the 
female release point) and allowed to choose a 
stimulus. Because our experimental configura- 
tion differed from those of previous experiments, 
we replicated some studies and obtained similar 
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results (Fig. 1, A, B, and D). Females were tested 
only once. 

The acoustic component of a frog’s mating 
call is its most distinguishing feature, but visual 
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cues are also associated with the sexual display. 
Male frogs have inflatable vocal sacs that shut- 
tle air to and from the lungs while calling. Similar 
to the movement of lips during human speech 
(2), they are a biomechanical consequence of 
the sound production system (7), but, as with 
lips and speech, they can also influence the per- 
ception of the call (8, 9). We have shown previ- 
ously that female tingara frogs prefer a multimodal 
signal (a call associated with a robotic frog) to a 
call by itself (70), a result reconfirmed here 
(Fig. 1D). 

In tungara frogs, the temporal relationship 
between acoustic components influences the 
signal’s attractiveness (//). When the chuck in a 
whine-chuck call is displaced by 500 ms, the call 
becomes merely as attractive as a whine only 
(Fig. 1B) and less attractive than a normal whine- 
chuck (Fig. 1C). The temporal relationship be- 
tween the acoustic and visual components of the 
signal also influences the signal’s attractiveness 
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Fig. 1. Preference responses. Each portion of the figure illustrates the acoustic components of the 
tungara frog mating call: a whine only [(A, B, and J), right gray], a chuck only [(J), left black], or a whine- 
chuck (all other calls). The natural whine-chuck is depicted in (A), left black; (C), right gray; (D to G), all 
acoustic signals; and (I), right gray. The rectangle represents the inflation-deflation cycle of the robofrog’s 
vocal sac and its temporal relationship to the call [(D) to (J), left black]. The x axis represents 1000 ms, 
green indicates the significantly preferred stimulus, and red indicates the unpreferred stimulus. In each of 
the 10 experiments [(A) to (J)], 20 females were given a choice between the signal in black versus the 
signal in gray. The vertical black and gray bars represent the number of females that chose the respective 
signal, and the blue dashed horizontal lines represent the null hypothesis of equal preference. Experiments 
highlighted in the solid blue box are tests of the perceptual rescue versus template-matching hypotheses, and 
those in the dashed blue box are the test of the component substitution hypothesis. The results of binomial tests 
are noted as ** = P< 0.001, ** =P < 0.01, * =P <0.05, ns (not significant) = P > 0.05. The exact P values for 
each experiment are as follows: (A) P = 0.0003, (B) P= 0.744, (C) P= 0.019, (D) P= 0.034, (E) P= 0.323, 
(F) P = 0.0049, (G) P = 0.019, (H) P = 0.039, (I) P = 0.583, (J) P = 0.0001. 
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[fig. 1, E to G, from (/2)]. When the acoustic and 
visual cues are offset by 100 ms, the visual cue no 
longer adds to the attractiveness of the acoustic 
cue (Fig. 1E). When the visual cue is displaced 
further in time, 200 ms after the call’s onset (Fig. 
1F) or immediately after the call’s offset (Fig. 
1G), the manipulated multimodal signals are both 
significantly less attractive than the call alone (/2). 
Thus, displacement of the visual cue can reverse the 
valence of the multimodal signal (Fig. 1, F and G). 

Two hypotheses may explain why the acous- 
tic (chuck) and visual (vocal sac) cues lose sa- 
lience when temporally displaced from the whine. 
The template-matching hypothesis predicts that 
females have an internal neural template of the 
species’ call that facilitates recognition (/3); dis- 
rupting components of mating signals will dis- 
rupt their recognition by females. An alternative 
hypothesis, which we term perceptual rescue, pos- 
its that stimulus saliency is influenced by the 
relative and not the absolute relationships of 
signal components to one another. If so, a tem- 
porally disrupted and less attractive stimulus 
could be rescued by strategic association with 
another less attractive stimulus, causing females 
to bind these components into the percept of a 
more attractive mating signal. Perceptual rescue 
predicts more flexibility in signal recognition than 
template matching. 

We tested the perceptual rescue hypothesis 
against the mutually exclusive template-matching 
pothesis [in the sense of “strong inference” 
(/4)]. Specifically, we asked whether placing a 
visual cue between two separated acoustic cues 
would cause the components to be bound into 
one coherent signal. To do this, we placed the 
vocal sac inflation from the relatively unattractive 
whine-chuck-sac (Fig. 1G, left black) into the 
gap between the whine and the chuck (Fig. 1B, 
left black). This generated a whine followed by 
the vocal sac inflation-deflation, which in tum was 
followed by a chuck 500 ms after the whine’s 
offset (Fig. 1H, left black). This multimodal sig- 
nal was competed against the unimodal whine-gap- 
chuck, the same acoustic stimulus but lacking a 
visual stimulus between the whine and the chuck. 

Fourteen of 20 females preferred the multi- 
modal signal to the unimodal signal [mid-value P 
reported throughout (/5, /6), P= 0.039, Fig. 1H]. 
Thus, adding the visual cue to the gap between 
the whine and the chuck, which is equivalent to 
adding the chuck to the end of the temporally 
displaced visual cue, rescued the perceptual ef- 
fects of these stimuli; it made this stimulus com- 
plex more attractive. Further, the addition of the 
visual cue restored the signal’s attractiveness to 
that of a normal whine-chuck, also predicted by 
the perceptual rescue hypothesis (9 responses to 
the multimodal signal, 11 to the unimodal, P = 
0.41, Fig. 11). 

These results reject the hypothesis that the 
negative influence of temporally displaced com- 
ponents on the signal’s attractiveness (Fig. 1, B 
and C, and E to G) was due to these stimuli not 
matching a conspecific call template. Rather, these 
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data support the hypothesis that temporally dis- 
junct stimuli can be linked into a common percept 
ofa mating call by their strategic placement in time, 
even when the resulting stimulus complex has 
never been experienced by females in nature. 

One explanation for our results is that the 
displaced vocal sac causes the whine and dis- 
placed chuck to be perceptually bound. An al- 
ternative, the component substitution hypothesis, 
posits that the vocal sac inflation substitutes for 
the whine, creating the context for perceiving the 
chuck as part of the mating signal (i.e., “whine- 
chuck”) and making the whine itself irrelevant. 
This is not the case. Females significantly pre- 
ferred a whine to a vocal sac inflation followed 
by a chuck (sac-chuck) (P < 0.0002, Fig. 1J). 
These results further support our interpretation of 
perceptual binding. 

What is the mechanistic basis of perceptual 
rescue? Humans can group streams of speech 
into perceptual units, and when sound is inter- 
rupted, a continuity illusion can be generated by 
introducing broadband noise into silent gaps (/7). 
Although one study in frogs failed to find a 
continuity illusion in the auditory channel (/8), 
our results are consistent with a continuity-type 
illusion that combines sensory modalities. Thus, 
one possible mechanism for perceptual rescue is 
that the presence of the visual cue generates a 
multisensory continuity illusion. 

Although tingara frogs do not produce dis- 
sociated acoustic and visual signal components, 
these manipulations are not as ecologically irrel- 
evant as they might seem. Females are challenged 
by an auditory world similar to the cocktail party 
problem in humans (/9). At their breeding cho- 
ruses, they need to perceptually bind the whine 
and chuck, and assignment of the two acoustic 
components to their sources is not always accu- 
rate (20). The cross-modal interactions we reveal 
here suggest that the problem might be even more 
challenging when auditory and visual scene analy- 
ses are combined. 

These dynamic and context-dependent inter- 
actions among multimodal signal components 
could form a basis for signal recognition, but it 
would be radically different from the standard 
template-matching model (/3). Our study sug- 
gests a need to reconsider the neural basis by 
which animals recognize signals, to account for 
these cognitive and perceptual biases that lead to 
the emergence of hidden preferences. Emergent 
properties arising from interactions among sen- 
sory modalities are not restricted to the recog- 
nition of communication signals. In chicks, odor 
and color can interact to generate an aversive re- 
sponse that does not occur with either component 
in isolation (2/). In this domain as well, there is a 
psychological response that is hidden when only 
isolated stimuli are encountered. 

Our findings also have implications for un- 
derstanding receiver psychology (22) and specif- 
ically how perceptual processes can drive the 
evolution of complex signal phenotypes. The in- 
teractions we report could facilitate signal evo- 


lution with only a few key changes. Different 
components of a complex phenotype need not 
arise simultaneously and de novo but could result 
from temporal or spatial shifts in previously in- 
coherent traits. Put another way, perceptual in- 
tegration in a multisensory universe may yield 
emergent psychological percepts that provide the 
basis for positive selection of complex signals. 
This type of unanticipated perceptual bias could 
be responsible for the evolution of some of the 
extreme and elaborate signals that evolve under 
sexual selection by mate choice (23, 24). 
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Loss of Function of the Melanocortin 2 
Receptor Accessory Protein 2 Is 
Associated with Mammalian Obesity 
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Melanocortin receptor accessory proteins (MRAPs) modulate signaling of melanocortin receptors 
in vitro. To investigate the physiological role of brain-expressed melanocortin 2 receptor accessory 
protein 2 (MRAP2), we characterized mice with whole-body and brain-specific targeted deletion 
of Mrap2, both of which develop severe obesity at a young age. Mrap2 interacts directly with 
melanocortin 4 receptor (Mc4r), a protein previously implicated in mammalian obesity, and it 
enhances Mc4r-mediated generation of the second messenger cyclic adenosine monophosphate, 
suggesting that alterations in Mc4r signaling may be one mechanism underlying the association 
between Mrap2 disruption and obesity. In a study of humans with severe, early-onset obesity, 
we found four rare, potentially pathogenic genetic variants in MRAP2, suggesting that the gene 
may also contribute to body weight regulation in humans. 


embrane-expressed G protein-coupled 
Mees (GPCRs) modulate cellular 
responses to numerous physiological 
stimuli. The melanocortin receptors (MCRs) are 


a subfamily of GPCRs that mediate signaling 
in response to the pro-opiomelanocortin—derived 


protein for MC2R, MC2R accessory protein (MRAP), 
is required for the trafficking of MC2R to the sur- 
face of adrenal cells and for signaling in response 
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to ACTH (3, 4). Loss of either MC2R or MRAP 
in humans causes severe resistance to ACTH, with 
resulting glucocorticoid deficiency (5, 6). 

All mammals have a paralogous gene, MRAP2, 
which, like MC3R and MC4R, is predominantly 
expressed in the brain (7), most prominently in 
the pons and cerebellum but also in regions in- 
volved in energy homeostasis, such as the hypo- 
thalamus and brainstem (fig. S1, A to C). Within 
the paraventricular nucleus of the hypothalamus 
(PVN), Mrap2 and Mc4r mRNAs are coexpressed 
in many cells (fig. S1D). We hypothesized that 
Mrap2 might modulate signaling through a MCR 
and potentially affect energy homeostasis. We there- 
fore performed targeted deletion of Mrap2 in mice 
using Cre-lox—mediated excision of the 100-bp 
exon 3 [which encodes the highly conserved trans- 
membrane domain (7)] to create mice with nor- 
mal levels of an mRNA predicted to encode a 
truncated protein that includes the first 55 amino 
acids of Mrap2, with the transmembrane domain 
replaced by 11 aberrant amino acids specified by 
the out-of-frame exon 4, followed by a stop co- 
don (fig. S1, E to H). Normal levels of the mutant 
mRNA indicate preservation of Mrap2-containing 
neurons in null mice, although these neurons 
probably do not express the predicted mutant 
protein because mutant Mrap2 mRNA, but not 
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Fig. 1. Phenotype of Mrap2~~ mice. (A) Weight curves for Mrap* versus Mrap** versus Mrap2~~ mice on 
standard-chow (Chow, top: male n = 9 versus 28 versus 15 mice, female n = 12 versus 18 versus 10 mice) or 
high-fat diets (HFD; ages 56 to 95 days, bottom: superimposed on standard-chow curves: male n = 10 versus 
8 versus 10 mice; female n = 7 versus 12 versus 7 mice). For both genders, the weight curves of Mrap** and 
Mrap*~ mice on standard chow differ significantly at older ages (161 to 175 days) and at younger ages 
(56 to 95 days) on a high-fat diet. *P = 0.02, **P = 0.001, ***P = 0.0003. (B) Fat depots on standard- 
chow diet. (Top) White adipose tissue (WAT) weights in Mrap*”* versus Mrap2~~ (males and females, ages 
117 to 122 days, n = 5 versus 4 mice, respectively). (Bottom left) Brown adipose tissue (BAT) weight in 
Mrap*'* versus Mrap2~"~ mice (males and females, ages 117 to 122 days, n = 5 versus 4 mice). (Bottom 
right) WAT cell size in in Mrap*’* versus Mrap2~- mice (females, 50 cells counted from each mouse). *P = 
0.009, **P = 0.003, ***P = 0.0003, ****P < 0.00001. 
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protein, is present in cells transfected with the 
same Mrap2 mutant construct used to create the 
null mice (fig. S11). 

Mrap2-null mice appeared normal at birth, 
with normal weight gain and post-weaning food 
intake during early life (0 to 32 days and 23 to 
32 days, respectively), although young Mrap2 
male mice trended toward greater weight and food 
intake with advancing age (fig. S1J). However, 
null mice of both genders gradually became ex- 
tremely obese on a diet of regular chow ad lib- 
itum (figs. 1A and $2A). Heterozygous mice were 
significantly heavier than were wild-type animals 
on standard chow (160 to 175 days; males, Mrap2 ee 
26.0 + 0.4 g, Mrap2"’ 29.9 + 0.9 g; females, 
Mrap2"* 24.5 + 0.9 g, Mrap2”” 28.1 + 0.7 g), and 
at younger ages (56 to 95 days) on a high-fat diet 
(Fig. 1A). In addition, Mrap2 “mice had increased 
length (fig. S1K) and percent of weight due to fat 
and decreased percent of weight due to lean mass 
(fig. SIL). Both genders of Mrap2” mice had 
increased visceral adiposity, greater than twice 
the normal white adipose tissue cell size, enlarged 
brown adipose tissue depots, normal liver histol- 
ogy on a regular chow diet, but much greater hepatic 
steatosis as compared with those of wild-type 
mice on a high-fat diet (Fig. 1B and fig. S2, A 
and B). Adult Mrap2-null mice had, as expected, 
elevated leptin concentrations corresponding to 
their increased fat mass, which normalized with 
diet-induced weight normalization (fig. S2C). 
Obese adult mice had normal fasting insulin (fig. 
§2D) and normal tolerance to intraperitoneal glu- 
cose injection (fig. S2E). Mrap2 has been postu- 
lated to play a role in the adrenal response to 
ACTH (8). We therefore measured diurnal rhyth- 
micity and stress responsiveness of the adrenal 
axis in Mrap2-null mice, which were normal (fig. 
82F). Thyroid hormone levels were also normal 
(table $1). Epinephrine and norepinephrine ex- 
cretion were reduced in male Mrap2’ mice only 
(fig. S2G), but Ucp] mRNA concentrations in- 
creased appropriately in both genders of null mice 
after exposure to 4°C for 18 hours (fig. S2H). Hy- 
pothalamic Agrp mRNA concentration was re- 
duced in Mrap2-null mice, whereas Pome mRNA 
was normal (fig. S21). 

To characterize the mechanisms underlying 
the obesity in these mice, we measured food in- 


Table 1. MRAP2 variants detected in obese 


take under a variety of conditions. At 42 (fig. S2J) 
and 84 (fig. S2K) days of age, when Mrap? 
mice were clearly overweight, no difference in 
food intake was detected between the two geno- 
types when analyzed over a 4-day interval. Obe- 
sity was not caused by more efficient absorption 
of calories in null mice (fig. S2L). Only when 
monitored daily over 50 days (ages 34 to 84 days) 
was a subtle increase in cumulative food intake 
discernable in the null animals (Fig. 2A), with the 
onset of obesity preceding hyperphagia (Fig. 2A 
and fig. S2M). To further understand the contri- 
bution of hyperphagia to obesity in Mrap2 
mice, we limited their food intake to that amount 
consumed by their normal siblings (pair feeding). 
Even when fed the same amount of chow, null 
mice gained more weight than did wild-type mice 
(fig. S2, N and O). Only when the amount of food 
intake in null mice was further restricted to 10% 
(females) and 13% (males) less than that of wild- 
type mice was there equivalent weight gain (fig. 
$2P) in the two genotypes. To determine whether 
the late-onset hyperphagia in Mrap2’ mice (Fig. 
2A) could simply be the consequence of an in- 
creased body mass at this older age caused by a 
separate metabolic defect, we switched null mice 
to ad libitum access to chow after 40 days of re- 
stricted feeding (fig. S2P, upward arrow). During 
the first 24 hours of ad libitum feeding, food in- 
take almost doubled in null mice (from 2.9 + 0.1 
to 5.6 + 0.5 g/day in males, and from 2.8 + 0.1 to 
5.3 + 0.2 g/day in females), with a corresponding 
marked increase in body weight. Thus, hyper- 
phagia develops in an age-dependent manner in 
older mice, independent of body weight. Consist- 
ent with this, young (age 38 to 45 days) Mrap2 “ 
mice had an intact anorectic response to the MCR 
(Me4r and Mc3r) agonist, MTII (fig. S2Q), cor- 
responding to their normal ad libitum food intake 
at this age. 

We hypothesized that young Mrap2’ mice 
might display abnormal energy expenditure be- 
cause obesity develops early during ad libitum 
feeding before the onset of hyperphagia, persists 
in mutant mice pair-fed to a normal dietary in- 
take, and is abolished only by underfeeding. To 
explore this, we measured energy expenditure and 
respiratory exchange ratio (RER) with indirect 
calorimetry, as well as locomotor activity and core 


subjects and controls. 


MRAP2 Subjects Subject sex/ Controls MAFT: MAFT: ***PolyPhen-2 
variant with variant age/BMI/ with variant European African prediction$ 
BMI SDS* American American 

E24X 1/488 W/19/63/4.7 0/488 0.000% (0/8600) 0.000% (0/4406) Damaging 

N88Y 1/376 = M/11/29.6/3.3. 0/376 ~— 0.000% (0/8600) 0.000% (0/4406) _— Possibly 
damaging 

L115V 1/488 W5/24/4.2 0/488 0.012% (1/8600) 0.000% (0/4406) Benign 

R125C 1/488 F/8/29/3.5 0/488 0.047% (4/8600) 0.045% (2/4406) Possibly 
damaging 


*Subject sex (male, M; female, F)/age (years)/body mass index (BMI) (kilograms per square meter)/standard deviation score 


(SDS). 


TMAF, minor allele frequency; available at the National Heart, Lung, and Blood Institute exome variant server: 


REPORTS N 


body temperature, in young (30 to 45 days of 
age) wild-type and Mrap2-null mice, just as their 
weights began to diverge (Fig. 2A). Surprisingly, 
the wild-type and mutant mice had indistinguish- 
able 24-hour total energy expenditure, as analyzed 
by means of analysis of covariance (ANCOVA) 
(Fig. 2B) (9). There were also no differences be- 
tween Mrap2”* and Mrap2 mice in RER (fig. 
S2R), locomotor activity (fig. S2S), or core body 
temperature at 22°C (fig. S2T), with both geno- 
types exhibiting the expected increase in all three 
parameters during the active night period. After 
exposure to 4°C for 18 hours, null and wild-type 
mice became significantly hypothermic to the same 
extent (fig. S2T). 

Because (i) MRAP is essential for signaling 
through MC2R (3, 4), (ii) MRAP’s paralog, Mrap2, 
is expressed principally in the brain, and (iii) 
Mc2r’s paralog, Mc4r, has a key role in energy 
balance in Sim1-containing neurons (/0), we asked 
whether deletion of Mrap2 causes obesity in part 
by altering signaling through centrally expressed 
Meé4r. We created a Sim] ::Mrap2/?"* mouse 
with conditional deletion of Mrap2 exclusively in 
these neurons and expression of Mrap2” mRNA 
only in hypothalamus and not cerebral cortex or 
brainstem (Fig. 3A and fig. S3A). Like global 
null mice, conditional mutants were similarly obese 
(Fig. 3B), and pair-feeding to a normal dietary 
intake only partially reversed their obesity (fig. S3B). 

If Mrap2 facilitates the action of Mc4r, then 
Mc4r deficiency should create an equivalent or 
more severe obesity phenotype than does Mrap2 
deficiency, depending on the degree to which Mrap2 
interferes with Mc4r function. Supporting this, 
Mrap2"’ mice of both genders were less obese 
than either Mc4r'’ or doubly heterozygous mice 
(fig. S3C). The differences between Mc4r"’ and 
doubly heterozygous mice were not statistically 
significant, although the latter trended toward 
being heavier. Among homozygous knockouts, 
those with Mc4r deficiency alone were more 
obese than those with Mrap2 deficiency alone 
(fig. S3C). The mice in which Mc4r was knocked 
out were more obese than were mice with dele- 
tion of both Mc4r and Mrap2 (in males, with a 
trend in females), suggesting that Mrap2 may 
promote weight gain through both Mc4r-dependent 
and -independent actions. 

To determine whether mouse Mrap2 and Mc4r 
can interact directly, we coimmunoprecipitated 
transiently expressed, N-terminally Myc-tagged 
Mrap?2 and N-terminally green fluorescent protein— 
tagged Mc4r in Chinese hamster ovary (CHO) 
cells (devoid of endogenous Mrap, Mrap2, and 
MCRs). We found that mouse Mrap2 and Mc4r 
interact (fig. S3D), which is consistent with pre- 
vious data (7). We next investigated the impact of 
Mrap2 on Mc4r (Fig. 3C) and Mc3r (fig. S3E) 
signaling. The combined expression of Mc4r and 
Mrap2 in CHO cells suppressed basal cyclic aden- 
osine monophosphate (cAMP)-dependent protein 
kinase (PKA) signaling compared with Mc4r 
alone (Fig. 3C, left), as previously reported with 


http://evs.gs.washington.edu/EVS. 4PolyPhen-2; available at http://genetics.bwh.harvard.edu/pph2. the human orthologs (7). But in contrast to that 
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report (which used NDP-MSH), we found that 
aMSH caused a fivefold increase above basal 
PKA activity (Fig. 3C, right) compared with less 
than a twofold increase with Mc4r alone or Mc4r 
plus the Mrap2-null construct, Mrap2delE3 (our 
in vitro model for in vivo disruption of Mrap2). 
The presence of Mrap2 increased signaling through 
Mc3r at the two highest aMSH doses (fig. S3E). 
These findings suggest Mrap2 may alter signal- 
ing through Mc4r and perhaps other receptors. 

To investigate whether alterations in MRAP2 
are associated with human obesity, we sequenced 
the coding region and intron/exon boundaries of 
MRAP? in obese and control individuals from the 
Genetics of Obesity Study (GOOS) cohort (//) 
and the Swedish obese children’s cohort (/2). 
Four rare heterozygous variants that were absent 
from cohort-specific controls and 1000 genomes 
(Table 1) were found in unrelated, nonsyndromic, 
severely obese individuals, with all but one var- 
iant in the C-terminal region of the protein (fig. 
$4). In three of these subjects, no pathogenic 
variants were found in the coding region or 
intron/exon boundaries of all known nonsyndromic 
human obesity genes (table $2). Only one of the 
variants (E24X) is clearly disruptive, and overall, 
few rare variants were found in the obese cohorts, 
indicating that if MRAP2 mutations contribute to 
severe human obesity, they do so rarely. 

We have found that global or brain-specific 
inactivation of Mrap2 causes obesity in mice and 


that rare heterozygous variants in MRAP2 are as- 
sociated with early-onset, severe obesity in hu- 
mans. The mechanism (or mechanisms) by which 
Mrap2 exerts its effects on body weight regulation 
remain to be firmly established but likely involve 
altered signaling through Mc4r and perhaps other 
MCRs. Under conditions comparable with those 
we describe, in which Mrap2 greatly enhances 
cAMP signaling through Mc4r, Sebag eg al. (13) 
have found that the zebrafish ortholog of Mrap2 
(ZMRAP2b) similarly affects zMC4R signaling. 
This evolutionary conservation, plus the extreme 
disease phenotype caused by loss of Mrap2 func- 
tion, supports the importance of Mrap2 in verte- 
brate biology. 
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Developmental Control of the 
Melanocortin-4 Receptor by MRAP2 
Proteins in Zebrafish 


Julien A. Sebag,’* Chao Zhang,** Patricia M. Hinkle,” Amanda M. Bradshaw,’ Roger D. Cone’t 


The melanocortin-4 receptor (MC4R) is essential for control of energy homeostasis in 
vertebrates. MCAR interacts with melanocortin receptor accessory protein 2 (MRAP2) in vitro, 
but its functions in vivo are unknown. We found that MRAP2a, a larval form, stimulates growth 
of zebrafish by specifically blocking the action of MC4R. In cell culture, this protein binds 
MCAR and reduces the ability of the receptor to bind its ligand, a—melanocyte-stimulating 
hormone (a-MSH). A paralog, MRAP2b, expressed later in development, also binds MC4R but 
increases ligand sensitivity. Thus, MRAP2 proteins allow for developmental control of MC4R 
activity, with MRAP2a blocking its function and stimulating growth during larval development, 
whereas MRAP2b enhances responsiveness to a-MSH once the zebrafish begins feeding, thus 
increasing the capacity for regulated feeding and growth. 


protein-coupled receptor (GPCR), plays a 
central role in energy homeostasis (/—4) 


T= melanocortin-4 receptor (MC4R), a G 
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and somatic growth (/, 2, 5). Mutations in the 
gene encoding MC4R are the most common 
monogenic cause of severe early-onset obesity in 
humans (/). In the zebrafish, as in mammals, 
MCAR is prominently involved in the regulation 
of energy homeostasis and somatic growth (6). 
Dominant negative mutations in MC4R are a 
natural cause of increased growth rate and final 
size in some teleost species (5). An artificially 
induced increase in MC4R activity early in the 
development of the zebrafish embryo causes a 


decrease in growth, a decrease in growth hor- 
mone gene expression, and a compensatory in- 
crease in growth hormone-releasing hormone 
(ghrh) gene expression (6), thus providing quan- 
titative assays for MC4R activity in vivo. The 
melanocortin receptors have been shown to inter- 
act with the melanocortin receptor accessory pro- 
teins MRAPI and MRAP? (7—/3), which are 
single-transmembrane proteins that form unusual 
antiparallel homo- and heterodimers (7—9). Whereas 
MRAP is essential for adrenocorticotropic hor- 
mone receptor (MC2R) trafficking to the plasma 
membrane, ligand binding, and downstream sig- 
naling (7, 8, //), the functions of MRAP2 remain 
unclear. In the zebrafish, MRAP2 exists in two 
isoforms, a and b (/4). Here, we investigated 
the role of MRAP2a and MRAP2b in the reg- 
ulation of MCAR activity in vivo in the zebrafish 
and in vitro in human embryonic kidney (HEK) 
293T cells. 

We first characterized the distribution and 
developmental expression kinetics of mc4r, mrap2a, 
and mrap2b gene expression in the zebrafish em- 
bryo at 1, 2, 3, or 4 days post-fertilization (dpf) by 
reverse transcription polymerase chain reaction 
(RT-PCR) (Fig. 1A). mce4r and mrap2a mRNA 
were detectable from 1 dpf and their expression 
increased every day until 4 dpf, whereas mrap2b 
was hardly detectable. To identify the larval tis- 
sue distribution of mrap2 mRNAs, we performed 
whole-mount in situ hybridization on zebrafish 
embryos at 5 dpf. mrap2a was ubiquitously ex- 
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pressed, whereas no mrap2b-specific staining was 
detected (fig. S1). 

To determine whether MRAP2a was modulat- 
ing MCA4R in vivo, we knocked down mrap2a ex- 
pression by using two distinct antisense morpholino 
oligonucleotides targeting two different sites of 
the mrap2a transcript. Relative to fish injected 
with a nontargeting morpholino, embryos in- 
jected with either of the mrap2a morpholinos 
showed a significant decrease in linear growth 
[11% with the morpholino targeting the start 
of the coding sequence, ATG, and 13% with the 
morpholino targeting the 5’ untranslated region 
(5'UTR)] (Fig. 1, B and D) and a factor of 3 to 
4 increase in ghrh expression (Fig. 1C), con- 
sistent with an increase in MC4R activity. In 


contrast, when the same experiment was con- 
ducted in mc4r-null fish, only a small decrease 
in linear growth and small increase in ghrh 
were observed (Fig. 1, E to G). The specificity 
of the morpholinos was demonstrated by in- 
hibition of a green fluorescent protein reporter 
plasmid containing the target sequence, and by 
the rescue of both length and ghrh expression 
phenotype by co-injection of mrap2a mRNA 
lacking the morpholino target sequences (fig. 
$2, A to C). Overall, these results indicate that 
MRAP2a suppresses MCAR signaling in the lar- 
val zebrafish. The use of morpholinos to down- 
regulate mrap2b did not have any impact on 
the size of the zebrafish or ghrh expression, 
regardless of genotype (Fig. 1); this result was 
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Fig. 2. Regulation of MC4R by MRAPZ2a. (A) Surface expression of MC4R 
measured by whole-cell enzyme-linked immunosorbent assay (ELISA) in 
nonpermeabilized HEK293T cells transfected with mc4r and increasing 
amounts of mrap2a. (B) Europium-labeled NDP—a-MSH binding in HEK293T 
cells transfected with mc4r and increasing amounts of mrap2a. (C) Com- 
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expected because mrap2b is not expressed in 
the embryo. 

We previously reported that MCA4R is consti- 
tutively inhibited by high levels of agouti-related 
protein (AgRP), the endogenous MC4R inverse 
agonist, in the zebrafish embryo (6). To determine 
whether both AgRP and MRAP2a contribute to 
the silencing of MC4R, we injected wild-type 
zebrafish zygotes with control morpholinos or 
morpholinos targeting agrp alone, agrp and mrap2a, 
or agrp and mrap2b. As previously reported, 
agrp morpholino caused a measurable decrease 
(7%) in fish growth by increasing MCA4R activity, 
as measured at 5 dpf (6). When co-injected, agrp 
and mrap2a morpholinos caused a more profound 
impairment of growth (13%) than agrp morpholino 
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petition binding assay in HEK293T cells transfected with mc4r without or with 
mrap2a at mc4r/mrap2a ratios of 1:1 or 1:6. (D) Concentration-response 
curves of o-MSH—induced cAMP production in HEK293T cells expressing 
the CRE-luciferase reporter, mc4r, and different amounts of mrap2a. 
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alone (Fig. 1, H and I), which suggests that AGRP 
and MRAP2a both participate in keeping MC4R 
inactive in the zebrafish embryo. Co-injection of 
agrp and mrap2b morpholinos had the same ef- 
fect as agrp alone. 

We next investigated the mechanism by which 
MRAP2a regulates MC4R. Surface expression 
of MCA4R at the plasma membrane of transfected 
HEK293T cells was not changed by MRAP2a ex- 
pression (Fig. 2A). However, because the num- 
ber of receptors at the plasma membrane may not 
reflect the number of receptors that are competent 
to bind ligand and signal, we measured the effect 
of MRAP2a on the density of high-affinity bind- 
ing sites for the MC4R agonist NDP-a-MSH. 
MRAP2a caused up to an 80% decrease in 
europium-labeled NDP-a-MSH binding to MC4R 
(Fig. 2B). MRAP2a did not significantly change 
the affinity of MC4R for a-MSH, as measured 
in a competition binding assay (median inhibito- 
ry concentration ICsy = 45 + 15 nM) (Fig. 2C). 
These results suggest that MRAP2a reduces lig- 
and binding by decreasing the number of binding 
sites but not by altering affinity. Both constitutive 
activity and a-MSH- inducible activity were sup- 
pressed in parallel by increasing expression of 
MRAP2a (Fig. 2D), which suggests that MRAP2a 
stabilizes an inactive conformation of MC4R. 
We performed a coimmunoprecipitation assay 
and found that MC4R and MRAP2a are part of 
the same complex; a large fraction of the receptor 
copurified with MRAP2a (fig. S3A), and con- 
versely, a large fraction of MRAP2a coprecipi- 
tated with MCA4R (fig. S3B). 

As mentioned previously, the zebrafish has 
two mrap2 genes, mrap2a and mrap2b. As shown 
above, mrap2b expression was barely detectable 
in the embryo (Fig. 1A). To determine whether 
its expression increased later in the life of the 
zebrafish, we harvested RNA from the brain of 
adult fish and measured the expression of mc4r, 
mrap2a, and mrap2b, using RT-PCR and quan- 
titative PCR (qPCR). The expression of all three 
genes increased in the adult brain relative to em- 
bryos (Fig. 3, A and B). Most notably, the ex- 
pression of mrap2b increased in the adult by a 
factor of 10, raising the possibility that MRAP2b 
regulates MC4R function in the adult fish. 

MRAP? expression in the mouse is also not 
seen during embryogenesis and appears only af- 
ter birth, reaching maximal levels close to the time 
of weaning, at day 18 (Fig. 3C). This suggests a 
conservation of the expression kinetics for the 
mouse MRAP? and teleost MRAP2b proteins. In 
contrast to MRAP2a, which had no effect on the 
trafficking of MC4R, MRAP2b caused a modest 
increase in MC4R surface expression in trans- 
fected HEK293T cells (Fig. 3D). MRAP2b also 
caused a dose-dependent increase in maximal 
binding, probably due to the increased number 
of MC4 receptors at the cell surface; however, 
MRAP2b did not change the affinity of MC4R 
for a-MSH (ICs = 50 + 15 nM) (Fig. 3E). 

Remarkably, MRAP2b suppressed the consti- 
tutive activity of MC4R by 93% and shifted the 


19 JULY 2013, VOL 341 


dose-response curve for agonist, increasing a-MSH 
potency by a factor of 17 (MC4R alone, median 
effective concentration ECs) = 140 + 60 nM; 
MCAR + MRAP2b, ECsp = 8.3 + 1.7 nM). MRAP2b 
also amplified the maximal cAMP response to 
a-MSH stimulation, from a factor of 1.5 in its 
absence to a factor of 17.5 in its presence. The 
mouse MRAP? replicated all of the signaling 
effects caused by MRAP2b on the zebrafish 
MCAR (Fig. 3F), thereby confirming that MRAP2b 
is the homologous isoform to the mammalian 
MRAP2. After expression in HEK293T cells, a 
coimmunoprecipitation assay showed that MC4R 
copurified with MRAP2b (fig. S4A) and that 
MRAP2b copurified with MCAR (fig. S4B), which 
suggests that those proteins are in the same 
complex. 

For MRAP2a or MRAP2b to have direct ef- 
fects on the pharmacology and physiology of MC4R 
in vivo, they must be expressed in the same cells. 
We used in situ hybridization to localize mce4r and 
mrap2 mRNAs in adult zebrafish brain slices. 
mc4r and mrap2a were largely colocalized, as 
were mc4r and mrap2b (fig, S5), This result sup- 
ports the concept that the diverse effects of 
MRAP2s on MCAR signaling observed in vitro 
are relevant in vivo and may play a major role in 
energy homeostasis. 

The broad tissue expression of MRAP2 pro- 
teins in vertebrates, and our observation that mrap2a 
blockade continues to have a small effect in me4r 
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mutant fish, together suggest that the MRAP2 
proteins regulate multiple GPCRs. Nonetheless, 
the MRAP2-GPCR interaction appears highly se- 
lective. MRAP2a and MRAP2b did not modify 
zebrafish MC3R signaling (fig. S7A), and mouse 
MRAP? had no effect on the function of the 
mouse corticotropin-releasing hormone | and 2 
receptors or the mouse neuropeptide Y2 and Y5 
receptors (fig. S7, B to E). A small change in ef- 
ficacy was observed in the presence of MRAP2 at 
the mouse glucagon-like peptide—1 receptor and 
B>-adrenergic receptor (fig. $7, F and G). 

Our findings reveal a new level of complexity 
in the regulation of MC4R signaling by uncover- 
ing the ability of MRAP2 proteins to modify the 
pharmacology and physiology of MCAR in zebra- 
fish. The zebrafish MC4R displays an atypical 
signaling profile with very high constitutive ac- 
tivity and a modest cyclic adenosine monophos- 
phate (cAMP) response to its agonist a-MSH. In 
the embryo, the MC4R inverse agonist AgRP is 
expressed at a high level (6). We show here that 
mrap2a is also expressed in the embryo and in- 
hibits MC4R signaling. AgRP and MRAP2a col- 
laborate to stabilize MC4R in an inactive state, 
inhibiting both constitutive activity and ligand- 
induced signaling, and thus maximizing growth 
during the larval period. 

mrap2b is expressed at high levels only in 
adult fish, where it could act to reduce the con- 
stitutive activity of MC4R and simultaneously 
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Fig. 3. Regulation of MC4R by MRAP2b. (A) RT-PCR depicting the expression of mc4r, mrapZa, 
mrap2b, and the housekeeping gene efZa in zebrafish adult brain. (B) qPCR measuring the change in 
expression of mc4r, mrap2a, and mrap2b in the adult brain relative to the 4 dpf embryo. (C) qPCR (top) 
and RT-PCR (bottom) depicting the expression of mouse MRAP2 at different embryonic and postnatal 
stages; E, embryonic day. (D) Surface expression of MC4R measured by whole-cell ELISA in nonper- 
meabilized HEK293T cells transfected with mc4r and different amounts of mrap2b. (E) Competition 
binding assay in HEK293T cells transfected with mc4r alone or with mrap2b at the indicated ratio. (F) 
Concentration-response curves of o-MSH—induced cAMP production in HEK293T cells transfected with 
mc4r and the indicated amount of mrap2b or mouse MRAP2. ***P < 0.001. 
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sensitizes the receptor to agonist. In this manner, 
MRAP2b would convert the adult zebrafish MC4R 
from a constitutively active to a ligand-dependent 
receptor. Additionally, mrap2b expression kinet- 
ics matches that of the mouse MRAP2 and is 
functionally homologous. MRAP2a and MRAP2b 
proteins share a strong homology with each oth- 
er and with mammalian MRAP2 in most of the 
N-terminal region and the transmembrane do- 
main, whereas the N-terminal 15 amino acids and 
C terminus of these proteins are vastly divergent 
(fig. S6). Interestingly, the N-terminal and trans- 
membrane domain of MRAP1 are sufficient for 
full activity of the mammalian MC2R (/5). The 
first 15 amino acids of MRAP2a and MRAP2b 
could thus represent an important regulatory re- 
gion of MRAP2s, possibly responsible for the 
differential regulation of MC4R. 

During zebrafish embryonic development, all 
the energy consumed is obtained from the yolk 
sac. Our findings suggest that the embryo bene- 
fits from having MCAR locked in an inactive state 
by the joint actions of AgRP and MRAP2a. Ac- 
tivation of MC4R at this stage would slow the rapid 
maturation to the mobile free-feeding juvenile stage 
reached at 5 dpf. Upon maturation and depletion of 
the yolk sac, the zebrafish must regulate nutrient 
intake. Appropriate behavioral response to diurnal, 
seasonal, and other inputs requires a function- 
al adipostat and energy balance sensor. This 


switch is aided by MRAP2b, which forms a com- 
plex with MCAR and renders it highly sensitive to 
a-MSH. 

MRAP? introduces a previously unappreciated 
level of complexity in the control of MC4R, with 
developmentally regulated paralogs in the fish 
that can either inhibit (MRAP2a) or stimulate 
(MRAP2b) ligand-mediated receptor activation 
(fig. S8). A component of this complexity is re- 
tained in mammals: Asai et al. (16) show that, 
like MRAP2b, mouse MRAP? expression is acti- 
vated proximal to weaning and increases the re- 
sponsiveness of MCAR to a-MSH. Their observation 
that MRAP2 deletion causes an obesity syndrome 
in the mouse can likely be attributed, in part, to 
reduced function of MC4R (/6). However, given 
the ubiquitous expression of MRAP2 proteins, 
we hypothesize that these proteins also modulate 
the activity of GPCRs and perhaps other mem- 
brane proteins as well. 
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Pandoraviruses: Amoeba Viruses 
with Genomes Up to 2.5 Mb Reaching 
That of Parasitic Eukaryotes 
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Ten years ago, the discovery of Mimivirus, a virus infecting Acanthamoeba, initiated a reappraisal 
of the upper limits of the viral world, both in terms of particle size (>0.7 micrometers) and 
genome complexity (>1000 genes), dimensions typical of parasitic bacteria. The diversity of these 
giant viruses (the Megaviridae) was assessed by sampling a variety of aquatic environments 

and their associated sediments worldwide. We report the isolation of two giant viruses, one off 
the coast of central Chile, the other from a freshwater pond near Melbourne (Australia), 

without morphological or genomic resemblance to any previously defined virus families. Their 
micrometer-sized ovoid particles contain DNA genomes of at least 2.5 and 1.9 megabases, 
respectively. These viruses are the first members of the proposed “Pandoravirus” genus, a term 
reflecting their lack of similarity with previously described microorganisms and the surprises 


expected from their future study. 


DNA virus Mimivirus (/, 2), initially mis- 

interpreted as a Gram-positive parasitic 
bacterium, challenged criteria and protocols his- 
torically established to separate viruses from 
cellular organisms (3—5). It was then realized 
that virus particles could be large enough to be 
visible under light microscope and contain DNA 
genomes larger in size (>1 Mb) and gene contents 


T° serendipitous discovery of the first giant 
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(©1000) than those of bacteria. In the past dec- 
ade, several Mimivirus relatives have been fully 
characterized, including the largest known viral 
genome of Megavirus chilensis (1.259 Mb en- 
coding 1120 proteins) (6-8). The study of this new 
family of viruses (referred to as “Megaviridae”) 
revealed distinctive features concerning the virion 
structure and core delivery mechanism (9, /0), 
transcription signaling (//—/3), and protein trans- 
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lation (74, 15). In particular, seven virus-encoded 
amino acid—transfer RNA (tRNA) ligases (8) 
and other enzymes thought to be the hallmark 
of cellular organisms were found in these viruses 
(/6, 17). Their study also led to the discovery of 
“virophages” that replicate within the virion fac- 
tory of the Megaviridae (/8—20). 

After our discovery of M. chilensis with 
laboratory-grown Acanthamoeba for amplifica- 
tion, we searched for new giant viruses in sedi- 
ments where Acanthamoeba are more prevalent 
than in the water column (2/, 22). We identified 
samples demonstrating strong cellular lytic ac- 
tivity. Some of these cocultures revealed the in- 
tracellular multiplication of particles larger than 
that of the previously isolated Megaviridae, al- 
beit without their icosahedral appearance. As 
the multiplication of these particles was found to 
be insensitive to antibiotics, they were retained for 
further investigation. 

Parasite 1 originated from the superficial ma- 
rine sediment layer (~10 m deep) taken at the 
mouth of the Tunquen river (coast of central 
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Chile). Parasite 2 originated from mud taken 
at the bottom of a shallow freshwater pond near 
Melboume, Australia. After amplification on 
Acanthamoeba cultures, both parasites became 
observable by optical microscopy as a lawn of 
ovoid particles 1 um in length and 0.5 wm in 
diameter (Fig. 1A). Observations by transmis- 
sion electron microscopy revealed characteristic 
ultrastructural features (Fig. 1) common to both 
parasites. Despite their identical appearance, 
the micro-organisms showed different global 
protein contents when profiled by electropho- 
resis (Fig. 1C). Anticipating the demonstration 
of their viral nature, parasites 1 and 2 will 
henceforth be referred to as Pandoravirus salinus 
and Pandoravirus dulcis. 

To distinguish whether the parasites were cel- 
lular or viral in nature, we imaged their propaga- 
tion in axenic Acanthamoeba cultures over an 
entire multiplication cycle, starting from purified 
particles. The replication cycle of Pandoraviruses 
in Acanthamoeba castellanii lasts from 10 to 
15 hours and is initiated by the internalization 
of individual particles via phagocytic vacuoles. 
The particles then empty the content of their in- 
ternal compartment into the Acanthamoeba cyto- 
plasm through their apical pore. The internal lipid 
membrane delimiting the particle core fuses with 
the vacuole membrane (Fig. 1, D and E), creat- 
ing a channel through which the particle proteins 
and DNA content can be delivered, a process 
reminiscent of the one used by Mimivirus (79). 
This fusion process leads to a bona fide “eclipse” 
phase whereby the content of the particle becomes 
invisible once delivered into the cytoplasm. Two 
to 4 hours later, the host nucleus undergoes major 
reorganization initiated by the loss of its spheri- 
cal appearance. Whereas the electron-dense nu- 


Fig. 1. Images of Pandoravirus particles and their proteomic pro- 
files. Light microscopy (A) and electron microscopy images (B) of P. salinus (1) 


cleolus becomes paler and progressively vanishes, 
the nuclear membrane develops multiple invagi- 
nations, resulting in the formation of numerous 
vesicles (fig. S1). Peroxisome-like crystalline struc- 
tures appear at the periphery of the deliquescent 
nucleus and progressively vanish during the 
particles’ maturation process (fig. $1). Eight to 
10 hours after infection, the cells become rounded 
and lose their adherence, and new particles appear 
at the periphery of the region formerly occupied 
by the nucleus (Fig. IF and fig. $1). Unlike eu- 
karyotic DNA viruses and phages, which first syn- 
thesize and then fill their capsids, the tegument 
and intemal compartment of the Pandoravirus par- 
ticles are synthesized simultaneously, in a manner 
suggestive of knitting, until the particles are fully 
formed and closed. Curiously, particle synthesis is 
initiated and proceeds from the ostiole-like apex 
(Fig. 2). No image suggestive of division (binary 
fission) was obtained during ultrastructural 
study of particle multiplication in A. castellanii. 
The replicative cycle ends when the cells lyse to 
release about a hundred particles, The replication 
cycles of P. salinus and P. dulcis exhibit the same 
stages and characteristics. 

We sequenced the genome of both parasites, 
starting from DNA prepared from purified par- 
ticles. For P. salinus, a 2,473,870-base pair (bp) 
sequence was assembled as a single contig through 
a combination of Illumina, 454-Roche, and PacBio 
approaches. The sequence coverage (11,164, 67, 
and 41 for the above platforms, respectively) was 
quite uniform, except for 50 kb at the 3’ extremi- 
ty of the contig where it was 10 times as high, 
hinting at the presence of unresolved terminal re- 
peats. Using a combination of polymerase chain 
reaction (PCR) primers targeting sequences expected 
to arise from tandem or head-to-tail repetitions, we 


and P. dulcis (2) purified particles. (C) Electrophoresis profiles of P. salinus 


(lane 1) and P. dulcis (lane 2) extracted proteins. (D) Internalized P. salinus 
particle in the host vacuole. Once fused with the vacuole membrane (arrow), 
the virion internal membrane creates a continuum with the host cytoplasm. 
The particles are wrapped into a ~70-nm-thick tegument-like envelope con- 
sisting of three layers. (E) Magnified image of the opened ostiole-like apex: 
from the inside out, a layer of light density of unknown composition (~20 nm, 


“un 


marked “a”), a dark layer comprising a dense mesh of fibrils (~25 nm, marked 
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found evidence of at least six additional tandem 
terminal copies, raising the lowest estimate of the 
P. salinus total genome size to 2.77 Mb. The same 
approach was used to sequence the P. dulcis ge- 
nome. The combination of the Illumina, 454-Roche, 
and PacBio data sets resulted in the assembly of 
a 1,908,524-bp sequence with an average coy- 
erage of 3,112, 62, and 133, respectively. Again, a 
higher coverage over 20 kb at the 3’ end of this 
contig hinted at the presence of two tandem ter- 
minal repeats. At strong variance with the pre- 
viously sequenced Acanthamoeba giant viruses 
and most intracellular bacteria, the two Pandora- 
viruses genomes are GC-rich (G + C = 61.7 and 
63.7% for P. salinus and P. dulcis, respectively), 
with a noticeable difference between the pre- 
dicted protein-coding and noncoding regions 
(64% versus 54% for P. salinus). Such a high GC 
content remains below the extreme values reached 
by herpesviruses (G + C > 70%) (23). At a pack- 
ing density typical of bacterial nucleoid (0.05 
to 0.1 bp/nm*), a 2.8-Mb DNA molecule would 
easily fit into the volume (=75 x 10° nm®) of the 
ovoid P. salinus particle. 

We identified 2556 putative protein-coding se- 
quences (CDSs) in the P. salinus 2.47-Mb unique 
genome sequence (considering a single terminal 
repeat) and 1502 for the P. dulcis 1.91-Mb ge- 
nome. The alignment of the two genomes with 
Nucmer (24) showed a quasiperfect colinearity, 
solely interrupted by the presence of four large 
genomic segments specific to P. salinus (fig. $2). 
These additional segments mostly account for the 
size difference between the two genomes, indi- 
cating that the global gene content of P. dulcis is 
merely a subset of that of P salinus. We thus fo- 
cused our detailed analysis on the P. salinus ge- 
nomic sequence. 


“b"), and an external layer of medium density (~25 nm, marked “c”). This 
tegument-like envelope is interrupted by the ostiole-like pore measuring 
~70 nm in diameter. Inside the particle, the lipid membrane encloses a diffuse 
interior devoid of visible substructure, except for a spherical area of electron- 
dense material (50 nm in diameter, arrowhead) seen episodically but in a 
reproducible fashion. (F) Ultrathin section of an Acanthamoeba cell filled with 
P. salinus at various stages of maturation. 
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The 2556 P. salinus predicted proteins ranged 
from 26 to 2367 residues [with 2364 CDSs longer 
than 150 nucleotides (nt)], with an average of 
258 residues. The distance between consecutive 
CDSs was short (233 nt on average), resulting in 
a coding density of 80% (Fig. 3). A gene den- 
sity of one protein-coding gene per kilobase is 
typical of both prokaryotic organisms and large 
double-stranded DNA (dsDNA) viruses. A com- 
prehensive search of the National Center for 
Biotechnology Information nonredundant data- 
base (NR) (25) for homologs to the 2556 CDSs 
returned only 401 significant matches (E-value < 
10 *) (15.7%) (fig. S3), of which 215 (53.6%) pri- 
marily resulted from the sole presence of un- 
informative ankyrin, MORN, and F-box motifs. 
The large number of open reading frames (ORFs) 
containing these repeats is accounted for by 
few families of paralogs, most likely generated 
by local gene duplications. The largest duplica- 
tions “hot spots” coincide with four regions of 
the P. salinus genome with no equivalent in the 
P. dulcis genome (fig. $2). We used the ankyrin, 
MORN, and F-box signatures (26) to mask 
P. salinus predicted protein sequences, reduc- 
ing to 186 (7%) the CDSs significantly similar 
to NR entries (table S1). Their best matches 
were distributed between eukaryotes (m = 101), 
bacteria (n = 43), and viruses (n = 42) (fig. S3). 
The phylogenetic distribution of these matches, 
together with their low similarity levels (38% 
of identical residues across the best matching 
segment on average), indicates that no micro- 
organism closely related to P. salinus has ever 
been sequenced. A similar result was obtained 
in comparisons against the environmental data- 
base (env_nr, 25), with only eight unique signif- 
icant matches out of 341 (333 matching in NR). 
Only 17 P. salinus CDSs have their closest homo- 
log (34% identical residues in average) within the 
Megaviridae, indicating that P. salinus has no par- 
ticular phylogenetic affinity with the clade group- 
ing the other known Acanthamoeba-infecting 


viruses. Similarly, only 92 (50 after masking) 
P. salinus CDSs (3.6% of the predicted CDSs) 
have an Amoebozoa protein as their closest homo- 
log, indicating that lateral gene transfers between 
P. salinus and its host rarely occur. The high per- 
centage (93%) of CDSs without recognizable 
homolog (ORFans), the alien morphological fea- 
tures displayed by P. salinus, and its atypical 
replication process raised the concern that the 
translation of its genes into proteins might not 
obey the standard genetic code, hence obscuring 
potential sequence similarities. This concern was 
addressed by Nanoliquid chromatography—tanden 
mass spectrometry (LC-MS/MS) proteomic anal- 
ysis of purified P. salinus particles. 

The ion-mass data were interpreted in refer- 
ence to a database that includes the A. castellanii 
(27) and the P. salinus predicted protein sequences. 
A total of 266 proteins were identified on the 
basis of at least two different peptides. Fifty-six 
of them corresponded to A. castellanii proteins 
presumably associated with the P salinus particles, 
and 210 corresponded to predicted P. salinus 
CDSs. These identifications demonstrate that 
P. salinus uses the standard genetic code, legit- 
imizing our gene predictions. Furthermore, of 
the 210 P. salinus—encoded proteins detected in 
its particle, only 42 (20%) exhibit a homolog in 
NR (table $2) (BlastP, E-value < 10°), while the 
rest (80%) do not. The proportion of NR-matching 
sequences is thus similar among experimentally 
validated proteins and the theoretical proteome 
(Fisher’s exact test, P > 0.07). This result vali- 
dates the unprecedented proportion of ORFans 
in the P salinus genome and confirms its large 
evolutionary distance from known microorga- 
nisms. Finally, 195 (93%) of the proteins iden- 
tified in the P. salinus particles have a homolog 
encoded in the P. dulcis genome, predicting that 
the composition of the two virions is globally 
similar, even though variations in their protein 
sequences produce different proteomic profiles 
(Fig. 1C). 
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The functional annotation of P. salinus— 
predicted proteins was complemented by motif 
searches (26) and three-dimensional-fold rec- 
ognition programs (28). The failure to detect 
components of the basic cellular functions—i.e., 
protein translation, adenosine 5’-triphosphate 
generation, and binary fission (3, 5}—confirmed 
the viral nature of Pandoraviruses. P. salinus pos- 
sesses none of the ribosome components (RNAs 
and proteins) and no enzyme from the glycol- 
ysis pathway or the Krebs cycle. Our search 
was similarly unsuccessful for homologs of cell 
division-telated proteins such as FtsZ (29), tubulin 
(30), or components of the alternative ESCRT 
system (3/). P. salinus thus lacks most of the hall- 
mark components of cellular organisms, including 
those retained in the most reduced intracellular 
parasites (5). 

Nonetheless, the P. salinus genome exhibited 
14 of the 31 genes most consistently present in 
large dsDNA viruses [i.e., “core” genes (32)] (table 
$3). We identified three of the nine most conserved 
(type I) core genes (including a DNA polymer- 
ase and four copies of virion packaging adeno- 
sine triphosphatase). We also identified four 
out of the eight type II (lesser conserved) core 
genes (including the two subunits of the ribo- 
nucleotide reductase) and 7 of the 14 type II core 
genes (including an mRNA-capping enzyme 
and three subunits of the DNA-dependent RNA 
polymerase). Yet, P. salinus lacks several core 
genes that encode components essential to DNA 
replication such as DNA ligases, topoisomerases, 
and the DNA sliding clamp (Proliferating Cell Nu- 
clear Antigen). This already suggests that, in con- 
trast to the largest known viruses, replication of 
Pandoraviruses requires host functions normally 
segregated in the nucleus. Another notable ab- 
sence is that of a gene encoding a major capsid 
protein, a hallmark of all large eukaryotic dsDNA 
viruses, except for the Poxviruses which, like 
P. salinus and P. dulcis, lack icosahedral sym- 
metry. Nor does P. salinus possess a homolog 


Fig. 2. Electron microscopy images of ultrathin sections of P. salinus. (A to C) Three stages of maturation are presented, illustrating the progressive 
knitting together of the particles starting from the apex and ending up as mature virions fully encased in their tegument-like envelope. 
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of the vaccinia scaffolding protein D13, which is 
structurally similar to the double-barreled capsid 
protein found in icosahedral dsDNA viruses (33). 

Despite lacking several of the large dsDNA 
virus core genes (table S3), P salinus remains 
typically virus-like by possessing a large fraction 
of enzymes involved in DNA processing (includ- 
ing replication, transcription, repair, and nucleo- 
tide synthesis) (table S1). Its 54 DNA-processing 
proteins include three enzymes that have no 
known homolog in viruses: a p-aminobenzoic 
acid synthase, a dihydroneopterin aldolase, and a 
hydroxymethylpterin-pyrophosphokinase (HPPK). 
Transcription is represented by four RNA poly- 
merase subunits, two copies of VLTF3-like gene 
transcription factors, an SIl-like transcription elon- 
gation factor, and a DEAD-like helicase. Besides 
DNA-processing proteins, we identified 82 pro- 
teins involved in miscellaneous cellular functions, 
none of which related to a specific feature of the 
Pandoravirus replication cycle. We identified sev- 
eral components of the ubiquitin-dependent pro- 


Fig. 3. Structure of the 
P. salinus genome. Spe- 
cific features are marked 
on concentric circles using 
Circos (43) as follows: 1, 
CDSs positions on the di- 
rect (blue) and reverse 
(red) strands. 2, CDSs with 
a best match within eukary- 
otes (in orange), bacteria 
(in green), and viruses (in 
purple). CDSs with MORN 
repeats, ankyrin repeats, and 
F-box domain motifs are 
shown in white; CDSs with 
no match are shown in gray. 
3, CDSs identified in the 
proteome of purified P. 
salinus particles. 
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tein degradation pathway, and various hydrolases 
and proteases, kinases, and phosphatases, likely 
to interfere with the host metabolism, as well 
as four fascin-domain—containing proteins po- 
tentially involved in the formation of intracyto- 
plasmic substructures. We also identified two amino 
acidtRNA ligases, one for tyrosine (TyrRS) and 
the other for tryptophan (TrpRS). Before this 
study, the presence of virally encoded amino acid— 
tRNA ligases was a hallmark of the Megaviridae 
(6-8) and their closest known relative Cafete- 
ria roenbergensis virus (CroV) (34). However, 
the TyrRS and TrpRS encoded by the Pandora- 
viruses are much closer to their Acanthamoeba 
homologs (57 and 58% identity, respectively) 
than to their Megaviridae counterparts, arguing 
against a common viral ancestry for these genes 
(fig. S4). RP salinus also possesses few other 
translation-related genes: a elF4E translation ini- 
tiation factor, a SUAS5-like tRNA modification 
enzyme, and three tRNAs (tRNA?®, {RNAM“, 
and tRNA"). 


3 tRNAs 


| 


Pandoravirus salinus 
2,473,870 nt 
2556 CDSs 
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Consistent with the subcellular location of their 
replication, the cytoplasmic large DNA viruses 
(e.g., Megaviridae, Poxviridae, and Iridoviridae) 
lack spliceosomal introns. Even the nucleus- 
dependent Chloroviruses (e.g., PBCV-1) have 
only few small introns (35). Unexpectedly, 16 
of the 186 (~9%) P. salinus CDSs with database 
homologs contain one or more introns (table S4). 
These introns are 138 nt long on average, bear 
no resemblance with group I or group II self- 
splicing introns and, once validated by reverse 
transcriptase-PCR, were found to be precise- 
ly delineated by a 5'-GT and 3'-AG dinucleo- 
tide. These spliceosomal introns are most likely 
excised from the P. salinus transcripts by the 
cellular U2-dependent splicing machinery, which 
strongly suggests that at least part of the P salinus 
genome is transcribed within the host nucleus. 
Fourteen out of the 39 identified introns (36%) 
remained in frame with the flanking coding re- 
gions and exhibited a similar GC content, making 
their computational detection impossible for ORFs 
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without database homologs. The introns that 
were not in frame exhibited a GC content 10% 
lower than that of their flanking exons. A com- 
prehensive transcriptome analysis will be re- 
quired to identify all the intron-containing genes 
potentially representing around 10% of the pre- 
dicted genes, as estimated from the few that ex- 
hibit database homologs. Finally, as in other large 
DNA viruses (2, 8, 34), a handful of essential DNA 
synthesis enzymes contain inteins: one in the 
largest RNA polymerase subunit and the small 
ribonucleoside reductase (RNR) subunit, and two 
in the large RNR subunit and the DNA poly- 
merase. The P. salinus small RNR subunit and 
the DNA polymerase genes are interrupted by 
both inteins and introns (fig. S5). 

To quantitatively analyze the proteomic con- 
tent of the P. salinus particles, we first scruti- 
nized the most abundant proteins, searching for 
a candidate capsid-like protein. Two prominent 
proteins with molecular masses of ~60 kD were 


Adenoviridae 


visible (Fig. 1C). However, the most abundant 
of these does not resemble any known protein, 
whereas the second protein is similar to a con- 
served Megaviridae protein, albeit of unknown 
function (table $2). Furthermore, Pandoravirus- 
encoded transcription machinery was complete- 
ly absent in the particle, in contrast to Mimivirus 
and other viruses that replicate in the cytoplasm 
(/6). Together with the presence of spliceosomal 
introns, this finding confirms that the host nu- 
cleus is actively involved in the early stage of 
the Pandoravirus replication cycle, before decay- 
ing at a later stage. The proteomic data also con- 
firmed four splice junction predictions (table $4). 
Finally, 56 low-abundance A. castellanii proteins 
were detected in the proteome of the particles 
(table $2), Because Pandoraviruses replicate in 
the host cytoplasm, but not inside a well-defined 
cellular substructure, these Acanthamoeba pro- 
teins may be randomly packaged into the virion 
as simple bystanders. 
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The discovery of Mimivirus, followed by the 
characterization over the past decade of other 
Megaviridae exhibiting slight increments in ge- 
nome sizes, suggested that the maximum viral 
genome size possible was about 1.3 Mb and 
1200 genes, a genetic complexity already larger 
than that of many parasitic bacteria. Meanwhile, 
the discovery of viruses with smaller genomes, 
but sharing several features previously thought 
to be specific to the Megaviridae (2, 8, 18, 36), 
indicated a phylogenetic continuity between the 
giant viruses and other dsDNA viruses (5, 8, 34). 
This conceptual framework is challenged by 
the Pandoraviruses that have genomes twice as 
large as, and lack any phylogenetic affinity with, 
previously described virus families (Fig. 4). In- 
deed, the Pandoravirus genome size exceeds that 
of parasitic eukaryotic microorganisms, such as 
Encephalitozoon species (37, 38). 

Because more than 93% of Pandoraviruses 
genes resemble nothing known, their origin 
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the JTT substitution model. The parameter of heterogeneity among sites 
was estimated (a = 1.04), and 100 bootstrap resamplings were com- 
puted. The tree was collapsed for bootstrap values <50 and drawn with 
MEGAS (45). 


Fig. 4. Phylogenetic analysis of the B-family DNA polymerase. A 
multiple alignment of 59 viral DNA polymerase B sequences (472 un- 
gapped positions) was computed with the default options of the MAFFT 
server (44). The neighbor-joining (midpoint rooted) tree was built with 


www.sciencemag.org SCIENCE VOL 341 19 JULY 2013 285 


REPORTS 


286 


cannot be traced back to any known cellular 
lineage. However, their DNA polymerase does 
cluster with those of other giant DNA viruses, 
suggesting the controversial existence of a fourth 
domain of life (fig. S6) (7, 5, 39, 40). The absence 
of Pandoravirus-like sequences from the rapidly 
growing environmental metagenomic databases 
suggests either that they are rare or that their eco- 
logical niche has never been prospected. However, 
the screening of the literature on Acanthamoeba 
parasites does reveal that Pandoravirus-like par- 
ticles had been observed 13 years ago (4/, 42), 
although not interpreted as viruses. This work 
is a reminder that our census of the microbial 
diversity is far from comprehensive and that some 
important clues about the fundamental nature 
of the relationship between the viral and the 
cellular world might still lie within unexplored 
environments. 
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Sept4/ARTS Regulates Stem Cell 
Apoptosis and Skin Regeneration 


Yaron Fuchs, Samara Brown,” Travis Gorenc,* Joe Rodriguez,’ Elaine Fuchs,** Hermann Steller™* 


Adult stem cells are essential for tissue homeostasis and wound repair. Their proliferative 
capacity must be tightly regulated to prevent the emergence of unwanted and potentially 
dangerous cells, such as cancer cells. We found that mice deficient for the proapoptotic 
Sept4/ARTS gene have elevated numbers of hair follicle stem cells (HFSCs) that are protected 


against apoptosis. Sept4/ARTS ~ 


mice display marked improvement in wound healing and 


regeneration of hair follicles. These phenotypes depend on HFSCs, as indicated by lineage tracing. 
Inactivation of XIAP, a direct target of ARTS, abrogated these phenotypes and impaired wound 
healing. Our results indicate that apoptosis plays an important role in regulating stem cell-dependent 
regeneration and suggest that this pathway may be a target for regenerative medicine. 


and differentiate enables them to replace 

cells that die during tissue homeostasis or 

upon injury. Elevated SC numbers might be de- 

sirable, at least transiently, to enhance tissue repair 

(1, 2). However, a large SC pool may potentially 
increase the risk of cancer (3). 

One major mechanism that eliminates unde- 

sired and dangerous cells is apoptosis (4). Rela- 


T= ability of stem cells (SCs) to self-renew 
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tively little is known about the role of apoptosis 
in controlling SC numbers and its possible effect 
on SC-dependent regeneration. Apoptosis is exe- 
cuted by caspases that are negatively regulated 
by IAPs (inhibitor of apoptosis proteins) (5, 6). 
The best-studied mammalian IAP is XIAP (7). In 
cells destined to die, IAPs are inactivated by 
specific antagonists (8, 9). One mammalian [AP 
antagonist is ARTS, a splice variant of the mam- 
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malian gene Septin4d (Sept4) (10, 11). Deletion 
of the Sept4/ARTS gene results in increased 
numbers of hematopoietic stem and progenitor 
cells and elevated XIAP levels. This causes in- 
creased apoptotic resistance and accelerated tu- 
mor development (/2). Here, we report crucial 
roles of XIAP and Sepr4/ARTS in regulating hair 
follicle stem cell (HFSC) apoptosis and show that 
apoptotic alterations have profound consequences 
for wound healing and regeneration. 

Hair follicles cycle between phases of growth 
(anagen), destruction (catagen), and rest (telogen). 
This process requires distinct populations of HFSCs 
that reside within the bulge (/3—/6). ARTS was 
the only Sept4 isoform detected in HFSCs (fig. 
S1, A to C). To investigate the consequences of 
ARTS deficiency, we examined bulge HFSCs 
with specific bulge markers (CD34 and K15) 
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as well as Sox9, which, depending on the hair 
follicle phase, labels HFSCs and/or progeny. Al- 
though Sept4/ARTS “hair follicles had bulges 
with overall normal morphology, fluorescence- 
activated cell sorting (FACS) revealed that within 
the a6°B1” population of skin epithelial progen- 
itors there were more than twice as many CD34 
cells in Sept4/ARTS “as in the wild type (Fig. 1, A 
and B, and fig. S1D). Similarly, for the Tg(Krt1-15- 
EGFP)2Cot/J reporter mouse, which specifically 
marks K15” bulge and hair germ cells (/7), the 
numbers of K15-GFP*a6" cells were elevated 
when backskin hair follicles lacked Sept4/ARTS 
(Fig. 1, C and D). 

ARTS-dependent differences were even more 
striking in tailskin (fig. S2). At 8 weeks of age, 
Sept4/ARTS “ tailskin hair follicles displayed an 
expanded epithelial strand populated by K15” 
and Sox9” cells (fig. S2). In normal backskin 
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follicles, this strand forms during mid- to late 
catagen phase, when most matrix cells have died 
and only a small number of outer root sheath 
(ORS) cells remain (/8). Because ARTS is a pro- 
apoptotic protein, the elongated epithelial strand 
suggested that more ORS cells survive catagen 
when ARTS is absent. 

To test whether ARTS affects the survival of 
skin progenitors, we cultured CD34°Scal” and 
CD34 Scal” keratinocytes from telogen-phase 
backskins and evaluated their colony-forming 
efficiency (24 cells per colony) and cell number. 
Sept4/ARTS ' HFSCs generated ~2.5 times as 
many colonies as wild-type HFSCs (fig. S3A). 
Moreover, the number of cells within these colo- 
nies was significantly higher (fig. S3C). By con- 
trast, epidermal keratinocytes were unaffected 
(fig. S3, B and D). We also examined the prolifera- 
tion rates of HFSCs and of other skin cells, and 
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Fig. 1. Sept4/ARTS~~ mice display HFSCs that are resistant to apoptosis. (A) Dorsal whole mounts 
(DWMs) stained for CD34, K15, Sox9, and 4’,6-diamidino-2-phenylindole (DAPI) at P21. WT, wild type. 
(B) FACS analysis of dorsal skins assessing the percentage of bulge HFSCs within control (WT) and 


Sept4/ARTS~~ skins. Equivalent numbers of FACS 


-purified «6*B81* progenitors were resorted for 


CD34*Sca1~ (pink, a6*B1*CD34*SCa1; blue, «6*B1*CD34-SCa1*; orange, «6*B1*CD34 SCa1 ). 
Data shown are from four mice combined and sorted together. Experiments were repeated four times 
independently (n > 11, P < 0.001). (C) DWM images of control and Sept4/ARTS~“:Tg(Krt1-15-EGFP)2Cot/] 


reporter skins. (D) FACS analyses of a6*K15* cells from control and Sept4/ARTS 


2Tg(Krt1-15-EGFP)2Cot/] 


reporter skins. (E) Quantifications of K15*TUNEL* and Sox9* TUNEL" cells during first catagen (P16). S/A~— 
denotes Sept4/ARTS ~~. (F) Quantifications of CD34*CP3* HFSCs in control and Sept4/ARTS~~ tailskin hair 
follicles. Horizontal line defines average. (G) Top: Z-stack of control cultured HFSCs undergoing apoptosis 
in vitro. Bottom: Percentage of sorted HFSCs (CD34*Sca1 ) placed into culture that are CP3* with and 
without staurosporine (STS) and etoposide (ETO) treatment. Scale bars, 100 tm (A), 20 um (C), 10 um (G). 


*™*P < 0.001. 
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found no effect of Sept4/ARTS (fig. S3, E to K). 
These findings suggest that loss of ARTS pro- 
tects HFSCs against apoptosis. 

In wild-type catagen follicles, a new bulge is 
formed from CD34" HFSCs along the upper ORS, 
whereas surviving CD34 ORS cells form the new 
hair germ (/8). Both wild-type and Sept4/ARTS * 
hair follicles formed new bulges (fig. S4, A and 
B). Apoptotic cells are rarely seen in telogen or 
anagen but are prevalent in catagen (/9). There- 
fore, we surmised that the pronounced epithelial 
strand seen in Sept4/ARTS “hair follicles might 
reflect enhanced apoptotic resistance of HFSCs. 
To test this hypothesis, we examined apoptosis in 
the first catagen phase [postnatal day 16 (P16)] 
and found a striking decrease of cell death in 
Sept4/ARTS “ mice (Fig. 1E and fig. S4, C and 
D). These results suggest that in Sept4/ARTS ’ 
mice, more ORS HFSCs are spared during catagen, 
thereby yielding a larger HFSC pool. Because 
there is only a single bulge at this stage, it also 
explains why the bulge region appeared larger in 
P21 Sept4/ARTS “hair follicles (Fig. 1A). 

In contrast to backskin, tailskin had CP3 
(cleaved caspase3’) cells in the bulge of what ap- 
peared to be late catagen-phase wild-type hair 
follicles (Fig. IF and fig. S4E). Furthermore, 
these CD34°K15~ bulge cells displayed mem- 
brane blebbing, nuclear condensation, and TUNEL 
(terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate nick end labeling), in- 
dicating that they were bona fide apoptotic cells 
(fig. S4E). This suggests that HFSC apoptosis 
can occur within the bulge of tailskin hair follicles. 

Next, we examined whether deletion of 
Sept4/ARTS protects HFSCs from staurosporine- 
and etoposide-induced apoptosis in vitro. Rela- 
tive to wild-type HFSCs, Sept4/ARTS " HFSCs 
displayed a marked decrease in apoptotic markers 
(Fig. 1G). Because Sept4/ARTS “ HFSCs are re- 
sistant to apoptosis, we examined whether they 
have greater capacity to cope with stress by cul- 
turing HFSCs without sustaining feeder cells. 
In contrast to wild-type HFSCs, Sept4/ARTS * 
HFSCs exhibited an increase in cell number, reach- 
ing confluence under conditions that severely 
hindered the growth of control cells (fig. S5). Collec- 
tively, these results reveal an important physiolog- 
ical function of Sept4/ARTS for HFSC apoptosis 
in response to stress. 

HFSCs do not contribute to normal epidermal 
homeostasis. However, in response to wounding, 
they participate in repopulating the epidermis 
(20, 21). Because Sept4/ARTS ~ HFSCs are pro- 
tected against cell death, we investigated whether 
they have enhanced capacity for tissue repair. 
Full-thickness excision wounds (1 cm) were 
generated on the dorsal skins of 8- and 15-week- 
old mice and monitored for wound coverage. In 
8-week-old Sept4/ARTS ‘ mice, the wound size 
was reduced by 80% after only 5 days, whereas 
in wild-type mice the wound size was reduced by 
only 10% (Fig. 2A and fig. S6A). Accelerated 
healing was seen at all time points. In 15-week- 
old mice, healing was generally slower, but again 
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Fig. 2. Loss of Sept4/ARTS func- 
tion accelerates wound healing and 
improves skin regeneration. (A and 
B) Reepithelialization dynamics of skins 
at different times PWI. Excision wounds 
(1 cm?) were inflicted on dorsal skin of 
8-week-old [(A), n = 12] or 15-week- 
old mice [(B), n = 8]. Percentage of 
wound coverage was calculated versus 
original wound size. D denotes day PWI. 
(C) Hematoxylin and eosin staining of 
full-thickness excision wounds of 8-week- 
old mice, 18 days PWI. Hair follicle for- 
mation within the wound bed is observed 
in Sept4/ARTS~ mice. (D to F) HFSC 
niches within regenerated hair follicles 
are positive for CD34, K15, and Sox9. 
(D) Regenerated hair follicle displays a 
HFSC niche positive for K15 and Sox9. 
(E) Zoom-in of the HFSC niche in (D). 
(F) Regenerated hair follicle niche is 
positive for CD34. (G and H) Immuno- 
fluorescence for PCNA (G) and Ki67 (H), 
indicating proliferative activity with- 
in the regenerated hair follicle niche of 
Septa/ARTS* mice. Scale bars, 500 um 


(Q, 50 um (D), 20 um [(E), (F), and (@)], 10 um (H). 
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Sept4/ARTS ~ mice were more efficient in 
wound repair (Fig. 2B). 

By 18 days post—-wound infliction (PWI), 
1-cm? wounds of 8-week-old wild-type and Sept4/ 
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Fig. 3. Sept4/ARTS”~ 
HFSCs are responsible 
for enhanced tissue re- 
generation. (A to H) 
Reporter expression was 
induced from P20 to P25 
[(A) to (F)] or from P45 
to P50 [(G) and (H)], and 
wounding was executed 
at P26 or P56, respec- 
tively (see fig. $7). Skins 
were analyzed at t = 0, 
3, 7, 18, and 60 days 
PWI. WT [(A), (D), (G)] and 
Sept4/ARTS ~~ [(B), (E), (H)] 
lineage tracings are shown 
at t = 0, 3, and 60 days. 
(H), right panel: Close-up of hair fol- 
licle at 60 days PWI. Dashed line indi- 
cates dermis-epidermis border; B denotes 
bulge. Scale bars, 50 4m [(A), (B), (G)], 
100 «um [(D), (E), (H)]. (C) Quantifica- 
tions of YFP* cells in hair follicles of WT 
and Sept4/ARTS~~ mice (t = 0). (F) Quan- 
tification of YFP* cells in hair follicles 
and epidermis of WT and Septa/ARTS ~~ 
mice (t = 3 and 7 days). (I and J) Scar size of WT 
and Sept4/ARTS* mice at 60 days PWI (2 cm?) 
(n = 3); photograph (I) and quantification (J) 
are shown. Dashed line indicates scar border. 
*P < 0.002, ***P < 0.001. 
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ARTS“ mice had healed. Histological analy- 
ses revealed that in contrast to wild-type mice, 
high numbers of hair follicles were seen in the 
wound beds of Sept4/ARTS “skins, which 


sometimes appeared hyperplastic but otherwise 
appeared relatively normal (Fig. 2, C to H). Long 
after wild-type HFSCs had returned to quiescence, 
some Sept4/ARTS  HFSCs were still prolifera- 
tive, as indicated by PCNA (proliferating cell 
nuclear antigen) and Ki67 staining (Fig. 2, G and 
H, and fig. S6B). Together, these results sug- 
gest that the enhanced survival of HFSCs in 
Sept4/ARTS © mice is responsible for acceler- 
ated repair and hair follicle regeneration in re- 
sponse to injury. 

To examine the contribution of HFSCs to ac- 
celerated wound healing in Sept4/ARTS “mice, 
we used 7g(Krt1-15-cre/PGR)22Cot; Rosa26-YFP 
reporter mice. When induced by RU486, this re- 
porter specifically activates Cre in HFSCs, and there- 
after they and their progeny are marked by yellow 
fluorescent protein (YFP) (22). Sept4/ARTS ° 
follicles displayed about 3.5 times as many YFP- 
marked HFSCs at ¢= 0 (Fig. 3, A to C, and fig. 
S7, A and B). By t=3 days and ¢=7 days after 
wounding, 4 to 5 times as many YFP’ cells were 
present in the upper hair follicles and epider- 
mis of Sept4/ARTS “skin (Fig. 3, D to F, and 
fig. S7, C and D). Enhanced repair was also ob- 
served when Sept4/ARTS "mice were lineage- 
marked and wounded during the protracted second 
telogen (fig. S7, E to G). Moreover, in contrast to 
wild-type regeneration, Sept4/ARTS © HFSC prog- 
eny remained in the skin epidermis at 2 months 
PWL, and the scars of Sep/ARTS ” were significant- 
ly smaller (Fig. 3, G to J). Taken together, these 
results suggest that apoptosis-impaired Sept4/ 
ARTS HFSCs are functional and robustly con- 
tribute to healing and hair follicle regeneration. 

XIAP is a direct downstream target for the 
proapoptotic activity of ARTS (//, 12, 23, 24). 
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XIAP “mice are viable and do not display overt 
phenotypes (7, 25). However, microarray and chro- 
matin immunoprecipitation sequencing analy- 
ses indicate that X7AP is expressed throughout 
skin epithelium, including the bulge (26). Because 
ARTS can promote ubiquitination and degrada- 
tion of XIAP (27, 28), we compared XIAP pro- 
tein levels in wild-type and Sept4/ARTS © HFSCs. 
In wild-type mice, anti-XIAP immunolabeling 
was detected in bulge HFSCs, sebaceous glands, 
and dermal papillae (Fig. 4, A and B, and fig. 
S8). Most notable, however, was the striking in- 
crease of XIAP in tailskin Sept4/ARTS ’ HFSCs 
(Fig. 4B and fig. S9A). 

To determine the biological role of elevated 
XIAP in Sept4/ARTS “hair follicles, we gen- 
erated double knockout Sept4/ARTS “ ;XIAP 
(SX) animals and examined them for wound 
repair and hair follicle regeneration. Intriguingly, 
loss of XIAP function abolished the enhanced 
reepithelialization of Sept4/ARTS “ mice. In 
addition, wound repair in SX mutants was 
markedly delayed relative to the wild type (Fig. 
AC). XIAP “ single mutants were severely com- 
promised in wound repair (Fig. 4C and fig. S9B). 
Taken together, these results demonstrate a crit- 
ical physiological role of XIAP in wound heal- 
ing. Moreover, because ARTS was unable to 
stimulate healing in the absence of XIAP, this 
suggests that XIAP is a major target for the pro- 
apoptotic activity of ARTS in this system (//, /2). 

To investigate whether XIAP participates in 
wound healing by suppressing apoptosis, we an- 
alyzed the cell death sensitivity of CD34” HFSCs 


Fig. 4. XIAP is required 
for proper wound heal- 
ing. (A) Immunofluores- 
cence indicates that XIAP 
protein is present in dor- 
sal telogen bulge (P20) 
hair follicles. (B) Immu- 
nofluorescence indicates 
increased XIAP in Sept4/ 
ARTS~~ tailskin hair fol- 
licles. B denotes bulge; 
SG, sebaceous gland. (C) 
Wound coverage dynam- 
ics in WT, SIA~, XIAP~-, 
and SX* mice at various 
times PWI, as described 
in Fig. 3A (n = 8). (D) 
Quantifications of WT, 
SIA, SX, and SX*¥"9 
CD34*CP3* HFSCs. Scale 
bars, 20 um (A), 100 um 
(B). P< 0.001. 
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from SX‘ mutants. In contrast to Sept4/ARTS ~~ 
(CD34°) HFSCs, SX’ HFSCs exhibited signif- 
icantly increased apoptosis (Fig. 4D and fig. $10). 
XIAP directly inhibits caspases and contains a 
RING domain required for E3 ligase activity 
(29). To address its importance for SC apoptosis, 
we analyzed XIAP“®'NS mice, in which the XIAP 
RING domain was deleted (7). CD34" SCs from 
Sept4/ARTS * XTAPARING (SXARING) and SX 
mice had virtually identical phenotypes (Fig. 
4D). Finally, inactivation of XIAP also impaired 
the growth of CD34" HFSCs in vitro (fig. S10). 
Together, these results show that XIAP is a phys- 
iological downstream target for the proapoptotic 
and regenerative activity of Sept4/ARTS in skin, 
and that XIAP RING function is required for 
the antiapoptotic activity of XIAP in HFSCs. 
Our findings reveal the importance of 
apoptosis in regulating hair follicle homeostasis 
and wound repair, and the nonredundant func- 
tions of ARTS and XIAP in this process. At the 
surface, our results may appear at odds with a 
previously reported role of apoptosis in promot- 
ing skin wound healing, which was ascribed to 
mitogenic signaling by apoptotic cells (30). How- 
ever, depending on the point of interference in the 
apoptotic pathway, the outcome for mitogenic sig- 
naling can vary considerably (3/). Furthermore, 
our studies suggest that ARTS and XIAP function 
specifically in regulating apoptosis of progenitors 
in the hair follicle, but not in more differentiated 
skin cells. Therefore, targeting these genes is very 
different from a general inhibition of effector cas- 
pases in differentiated skin cells. Our results suggest 


I “Day5 

"=Day7 
“Day9 
"=Day11 


ey 
3 


i=) 


100 7 wr 
= S/At 
75 7 «Sx 
= SXARING 


%ot CP3* cells 
a 
o 


i) 
a 


‘ 


0+ 
No Stim STS 


ETO 


REPORTS 


that targeting apoptotic pathways in HFSCs may 
have therapeutic benefits to promote wound healing 
and regeneration. 
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How the Red Queen Drives Terrestrial 
Mammals to Extinction 


Tiago B. Quental’* and Charles R. Marshall?* 


Most species disappear by the processes of background extinction, yet those processes are poorly 
understood. We analyzed the evolutionary dynamics of 19 Cenozoic terrestrial mammalian clades 
with rich fossil records that are now fully extinct or in diversity decline. We find their diversity 
loss was not just a consequence of “gamblers ruin” but resulted from the evolutionary loss to the 
Red Queen, a failure to keep pace with a deteriorating environment. Diversity loss is driven 
equally by both depressed origination rates and elevated extinction rates. Although we find 
diversity-dependent origination and extinction rates, the diversity of each clade only transiently 
equaled the implied equilibrium diversity. Thus, the processes that drove diversity loss in terrestrial 
mammal clades were fundamentally nonequilibrial and overwhelmed diversity-dependent processes. 


he majority of all species that have ever 

lived are now extinct (/), yet we know little 
about the dynamics of extinction. Most prior 

work has examined the mechanisms and selec- 
tivity of mass extinctions (2), although mass 
extinctions only account for a minority of ex- 
tinctions in the history of life. To examine the 
dynamics of background extinction, we analyzed 
the generic diversity trajectories of 19 Cenozoic 
terrestrial mammalian families with excellent fos- 
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Fig. 1. Changes in per-genus origination and 
extinction rates for events of increasing and 
decreasing diversity within the rise and de- 
cline phases of mammalian diversity trajec- 
tories. Increases in diversity during the rise phases 
(A) are mostly controlled by increases in the per- 
genus origination rate (the change in the orig- 
ination rate is significantly larger than the change 
in the extinction rate, N = 32, V (test statistic) = 
438, P = 0.00071, Wilcoxon rank paired test). In 
contrast, increases in the per-genus origination 
rates and decreases in the per-genus extinction 
rates contribute equally to increases in diversity 
during the decline phases (B) (the magnitude 
of these changes is not significantly different, 
N=11, V= 44, P = 0.3652, Wilcoxon rank paired 
test). Decreases in the per-genus origination rates 
and increases in the per-genus extinction rates also 
contribute equally to decreases in diversity during 
both rise (C) and decline (D) phases (the magni- 
tude of these changes is not significantly differ- 
ent, N = 9, V = 18, P = 0.6523, Wilcoxon rank 
paired test, for the rise phases, and N = 42, V= 
512, P = 0.4571, Wilcoxon rank paired test, for 
the decline phases). Changes in rates and diver- 
sity were measured between adjacent stages (fig. 
55). The changes in the per-genus origination and 
extinction rates for each stage are connected by a 
line, and each pair constituted a replicate in the 


Wilcoxon rank paired test. Solid lines indicate that change in origination 
rate is more important than change in extinction rate in driving diversity 
change; dashed lines, that change in extinction is more important. The box- 
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sil records. To qualify for analysis, each family 
had to be monophyletic and have at least 100 
genus occurrences (average = 419), a total di- 
versity of at least five genera, a longevity of at 
least eight stratigraphic stages, and an average 
preservation potential of at least 0.6 per genus 
per stage (average = 0.89) (see supplementary ma- 
terials). We only analyzed Cenozoic clades to avoid 
any complicating factors that might have been 
introduced by the end-Cretaceous mass extinc- 
tion event. 

We first tested the hypothesis that the ob- 
served diversity trajectories were a consequence 
of the loss to the Red Queen, that is, an evolu- 
tionary loss driven by the deterioration of the 
environment (3-6), against the alternative hy- 
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pothesis that the waxing and waning in the clades’ 
diversity was random, the evolutionary equivalent 
of “gamblers ruin” (7-9). If the rise and fall in 
diversity was deterministic, then we would expect 
the longevities of the clades to be shorter than if 
their diversity trajectories were due to stochastic 
fluctuations in intrinsically constant rates of orig- 
ination and extinction, where diversity would have 
simply drifted up and then down. Indeed, this is 
what we find: On average, the longevities of the 
clades are too short to simply be the result of 
stochastic processes [figs. S3 and S4; see also 
(/0)], suggesting a deterministic component to 
the diversity dynamics. 

Although the exact causes of the decline are 
hard to determine, we were able to characterize 
the dynamics responsible for the diversity trajec- 
tories. Quantitative analysis revealed four gen- 
eralities. First, on average the duration of the rise 
phase is statistically indistinguishable from the 
duration of the decline phase—the diversity tra- 
jectories are temporally symmetrical [see (/0) for 
how we dealt with clades that are not extinct]. A 
similar pattern has also been observed in Pa- 
leozoic marine invertebrates (//). 

Second, both the per-genus origination rates 
and the extinction rates exhibit diversity depen- 
dence [fig. S8 and table S2; see also (/0)]: When 
diversity increased, origination rates dropped and 
extinction rates increased. Thus, these mamma- 
lian clades exhibit the macroevolutionary equiv- 
alent of MacArthur and Wilson’s (/2) model for 
diversity change during island colonization. In 
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and first and third quartiles of the data. The whiskers 
within 1.5 interquartile range defined by the first and 


third quartiles. n.s., not significant. 
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Fig. 2. Origination rates decrease and extinction rates increase as the mammalian clades age. 
There is a significant and roughly equal change in the average per-genus origination (A) and the 
average per-genus extinction (B) rates between the diversity-rise and the diversity-decline phases across 2 
the 19 families analyzed. Each pair of values corresponds to one of the analyzed families. For C After 50 Myr 
origination, N = 19, V = 184, P = 0.000053, Wilcoxon rank paired test; for extinction, W = 19, V = 25, 
P = 0.0033, Wilcoxon rank paired test. The crosses in the legend identify extinct clades. LMY, lineage 
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both scenarios, the existence of diversity-dependent 
rates implies that each island (in MacArthur and 
Wilson’s model) or clade (in the macroevolutionary 
equivalent of their model) has an equilibrium 
diversity, the diversity at which the origination 
rate equals the extinction rate. Diversity depen- 


(fig. S6). This disparity is due to the fact that 
changes in origination rate dominated the diver- 
sification phases of the diversity trajectories (Fig. 1), 
whereas changes in origination and extinction 
rates contributed equally during the decline phases. 
Similarly, Gilinsky and Bambach (/7) found that 
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dence in origination rates, but not in extinction family diversity within marine orders and sub- 0 20 40 60 60 100 
rates, has also been reported in Cenozoic North — orders was largely driven by changes (decreases) Diversity 
American mammals [(/3), but see (/4)]. in family origination rates. D Diversity Trajectory 
Third, we unexpectedly find that, during the The simplest way of modeling these observed a 
decline phase, decreases in the per-genus origi- diversity dynamics is with the macroevolution- © 
nation rate are just as important as increases inthe ary equivalent of MacArthur and Wilson’s model © 
per-genus extinction rate in driving the observed —_(/2). However, this model leads to logistic diver- 2 
diversity losses (Fig. 1). In fact, on average the _ sification with a stable equilibrium diversity and 8 = 
initial origination rate is of a similar magnitude to __ thus requires modification to accommodate diver- ao 
the final extinction rate, and the final origination sity loss. Whereas Whittaker et a/. (18) provides 
rate is as low as the initial extinction rate (Fig. 2). a qualitative modification of the model that in- a 
Most discussions of clade extinction focus only corporates the formation and ultimate demise of ° 
on the processes and rates of extinction and sel- oceanic islands with the extinction of their terres- 0 10 20 30 40 50 60 
dom consider the possibility that diversity can trial biotas, we quantitatively extended MacArthur 


also be lost because of a failure to replace extinct 
taxa. However, Bambach ef al. (15) showed that 
the loss in generic diversity in the end-Devonian 
and end-Triassic mass extinctions was primarily 
driven by a lack of origination. Similarly, Van Valen 
(3) noted that the decline in generic diversity of 
perissodactyl mammals was largely due to a drop 
in origination rate. The causes of a failure to 
originate, the evolutionary sterility that we call 
the Entwives effect (/6), are not understood and 
require more attention. 

Last, on average the overall diversity trajec- 
tories were more influenced by changes in orig- 
ination rate than by changes in extinction rate 
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and Wilson’s framework to incorporate loss to 
the Red Queen by adding in a temporal decay 
in the intrinsic diversification rate, the diversi- 
fication rate at the inception of the clade. We 
achieved this by decreasing the intrinsic origina- 
tion rate and increasing the intrinsic extinction 
rate at constant rates with time (/0), which trans- 
lates into a constant rate of decay in the expected 
equilibrium diversity (Fig. 3 and eq. S13). Thus, 
under this model the expected equilibrium diver- 
sity steadily decays to zero and then becomes in- 
creasingly negative, driving the clade to extinction. 

We began with a slow rate of decay in the 
intrinsic diversification rate (from 0.03% to 0.3% 


Time since clade origin (Myr) 


Fig. 3. Howa clade loses to the Red Queen via a 
decay in its intrinsic per-genus rate of diver- 
sification. (A to C) The change of the intrinsic orig- 
ination and extinction rates (shown by the arrows); the 
decay of the equilibrium diversity (shown by the mov- 
ing position of the dashed orange line); and the 
realized per-genus origination (blue points) and per- 
genus extinction (red points) rates at different times in 
its history. (D) The diversity trajectory generated by 
the diversity dynamics shown in (A) to (). Light blue 
points show the diversity for the time points shown in 
(A) to (©. The graphs depict solution to eqs. $10, $11, 
and $17 (10). The running Red Queen symbolizes the 
deterioration of the environment. Myr, million years. 
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per million years) but could not generate di- 
versity trajectories with temporally symmetrical 
waxing and waning phases nor the switch in the 
magnitudes of the initial origination and extinc- 
tion rates with their final rates (70). Instead, clades 
quickly reached equilibrium diversity and then 
slowly rode the decaying equilibrium diversity 
down to extinction—the decline phase was longer 
than the diversification phase, and the final orig- 
ination and extinction rates remained at interme- 
diate values between the high initial origination 
rate and the low initial extinction rate, rather than 
switching in value. 

The only way to accommodate the observed 
diversity dynamics is if the intrinsic diversifica- 
tion rate (and thus the equilibrium diversity) de- 
teriorated sufficiently fast. For example, when we 
modeled the decay in the intrinsic diversification 
at a rate of ~3% per million years, the clade was 
left with a standing diversity that increasingly 
lagged behind the equilibrium diversity as the 
clade went extinct (Fig. 3C). This resulted in the 
switching in the values of the initial and final per- 
genus origination and extinction rates and led to a 
sufficiently negative diversification rate during the 
clade’s decline to produce the temporally symmet- 
ric waxing and waning phases of diversity change. 

An unexpected consequence of the rapid de- 
cline in the per-genus rate of diversification is 
that a clade’s diversity only transiently equals 
the equilibrium diversity. In contrast, in typical 
diversity-dependent models, species diversity 
remains at or close to the equilibrium diversity 
after the initial radiation, even when the equilib- 
rium diversity decays with time, for example, as 
in Whittaker e a/.’s modeling of the disappear- 
ance of islands through erosion (/8, /9). Under 
our model, the diversification phase involves a 
gain toward an equilibrium diversity, as in stan- 
dard logistic growth. However, as diversity in- 
creases, the equilibrium diversity is decaying in 
response to an already deteriorating environment, 
and the clade reaches its peak diversity at an equi- 
librium value less than the initial equilibrium di- 
versity. Then, as the clade moves into the decline 
phase, the decay in its intrinsic rate of diversifi- 
cation leads to a sufficiently rapid decrease in its 
equilibrium diversity that the clade’s realized di- 
versity increasingly lags behind the decaying equi- 
librium diversity (Fig. 3). Thus, although diversity 
dependence in the per-genus origination and ex- 
tinction rates plays a role in determining the dura- 
tion of the clade’s history, the diversity dynamics 
is dominated by the decay in the intrinsic diver- 
sification rates, not by the diversity-dependent 
equilibrium processes. 

The secondary role that diversity-dependent 
rates of origination and extinction play in the di- 
versity dynamics of the mammalian clades in 
decline offers a resolution to a debate in the 
paleontological literature, where diversity depen- 
dence has been proposed (/3, 20) but where the 
evidence of equilibrium is scarce (2/—23). In our 
model, the mechanism of diversity dependence is 
decoupled from the ultimate factors that deter- 
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mine the clades’ fates: the deterioration of their 
environment. Our results suggest that diversity 
dependence plays a role in diversity dynamics 
similar to the role that friction plays in the dy- 
namics of motion—although it must be accounted 
for in the dynamics of diversity change, the dom- 
inant forces of diversity change lie beyond the 
existence of diversity dependence. 


References and Notes 

1. D. M. Raup, Science 231, 1528-1533 (1986). 

2. R. K. Bambach, Annu, Rev. Earth Planet. Sci. 34, 
127-155 (2006). 

3. L. M. Van Valen, Evol. Theory 1, 1-30 (1973). 

4. We used Van Valen’s original definition of the Red Queen 
as a measure of environmental deterioration regardless 
of the role that biotic and abiotic factors might have 
played in that deterioration (3). More recently, some 
have restricted the meaning of the Red Queen to biotic 
factors (5, 6), using the term Court Jester for abiotic 
factors (5, 6). 

5. A. D. Barnosky, J. Vertebr. Paleontol. 21, 172-185 (2001). 

. M. J. Benton, Science 323, 728-732 (2009). 

7. D. M. Raup, S. J. Gould, T. J. M. Schopf, D. S. Simberloff, 
J. Geol. 81, 525-542 (1973). 

8. The idea that the major patterns in Phanerozoic diversity 
change could be attributed to purely stochastic process 
was later rejected (9). 

9. 5. M. Stanley, P. W. Signor Ill, 5. Lidgard, A. F. Karr, 
Paleobiology 7, 115-127 (1981). 

10. Material and methods and supplementary materials can 

be found on Science Online. 

11. M. Foote, Paleobiology 33, 517-529 (2007). 

12. R. H. MacArthur, E. O. Wilson, The Theory of Island 

Biogeography (Princeton Univ. Press, Princeton, NJ, 1967). 

13. J. Alroy, Palaeogeogr. Palaeoclimatol. Palaeoecol. 127, 

285-311 (1996). 


a 


14. J. Alroy, in Speciation and Patterns of Diversity, R. Butlin, 
J. Bridle, D. Schluter, Eds. (Cambridge Univ. Press, 
Cambridge, 2009), pp. 301-323. 

15. R. K. Bambach, A. H. Knoll, S. Wang, Paleobiology 30, 
522-524 (2004). 

16. In J. R. R. Tolkein’s Middle Earth []. R. R. Tolkien, 

The Lord of the Rings (Mariner Books, Boston, 2012)], 
the Ents lost their wives and thus had no means of 
regenerating their race, hence the term the Entwives effect. 

17. L. Gilinsky, R. K. Bambach, Paleobiology 13, 427-445 
(1987). 

18. R. J. Whittaker, K. A. Triantis, R. J. Ladle, J. Biogeogr. 35, 
977-994 (2008). 

19. In Whittaker et al.'s model (28), their time axis is on a 
log scale. 

20. J. J. Sepkoski Jr., Paleobiology 7, 36-53 (1984). 

21. M. J. Benton, B. C. Emerson, Paleontology 50, 23-40 
(2007). 

22. S. M. Stanley, Paleobiology 33 (suppl), 1-55 (2007). 

23. S. M, Stanley, Paleobiology 34, 1-21 (2008). 


Acknowledgments: We thank all those who generated the 
mammal data as well as those who entered the data into the 
Paleobiology Database, especially J. Alroy, K. Behrensmeyer, 
A. Turner, M. Uhen, and M. Carrano. This is the Paleobiology 
Database publication number 178. We thank S. Finnegan, 

H. Morlon, and S. P. Quek for discussion. T.B.Q. thanks 
Fundagao de Amparo a Pesquisa do Estado de Sao Paulo 
(2012/04072-3) and USP for funding. All of the data are 
available from the Paleobiology Database (http://paleodb.org). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1239431/DC1 
Materials and Methods 

Figs. S1 to S8 

Tables $1 and $2 

References (24-35) 


22 April 2013; accepted 5 June 2013 
Published online 20 June 2013; 
10.1126/science.1239431 


Exceptional Convergence on the 
Macroevolutionary Landscape in 
Island Lizard Radiations 


D. Luke Mahler,** Travis Ingram,” Liam J. Revell,? Jonathan B. Losos* 


G. G. Simpson, one of the chief architects of evolutionary biology’s modern synthesis, proposed 
that diversification occurs on a macroevolutionary adaptive landscape, but landscape models 
are seldom used to study adaptive divergence in large radiations. We show that for Caribbean 
Anolis lizards, diversification on similar Simpsonian landscapes leads to striking convergence of 
entire faunas on four islands. Parallel radiations unfolding at large temporal scales shed light 
on the process of adaptive diversification, indicating that the adaptive landscape may give rise 
to predictable evolutionary patterns in nature, that adaptive peaks may be stable over 
macroevolutionary time, and that available geographic area influences the ability of lineages 


to discover new adaptive peaks. 


ive landscape—a multivariate phenotype 
surface on which species evolve up local 
adaptive peaks—has guided thinking about adapt- 
ive radiation since G. G. Simpson proposed it in 


T concept of a macroevolutionary adapt- 
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1944 (/—-4). Although influential as a metaphor, 
Simpson’s landscape has only rarely been ap- 
plied to study large adaptive radiations in nature. 
Moreover, when applied the macroevolutionary 
landscape generally has been invoked to describe 
evolutionary dynamics within a single lineage 
in a particular ecological setting. In recent years, 
however, a number of studies have suggested that 
entire evolutionary radiations can exhibit pheno- 
typic convergence when they diversify in similar 
environments (5—/0). To the extent that such 
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“replicated adaptive radiations” exist (//), they sug- 
gest not only that diversification over macro- 
evolutionary time scales may be surprisingly 
deterministic but also that ecological factors can 
give rise to highly similar adaptive landscapes in 
geographically distinct regions (/, 2, /2). 
Laboratory investigations of microbial diver- 
gence (/3) and computer simulation studies (/) 
both suggest that stable adaptive landscapes can 
generate predictable evolutionary pattems, but test- 
ing this hypothesis in naturally evolving radiations 
requires the comparison of adaptive landscapes 
over macroevolutionary time scales. Investigations 
of this type require a two-step process in which we 
first test the hypothesis that radiations are more 
convergent than expected by chance (//), and then 
we ask if this convergence has resulted from diver- 
sification on similar macroevolutionary landscapes. 
We used this approach to study the putative 
replicated adaptive radiations (2, /4) of Anolis 
lizards (anoles) on Caribbean islands. On each 
island in the Greater Antilles (Cuba, Hispaniola, 
Puerto Rico, and Jamaica), anoles have indepen- 
dently evolved a similar set of habitat specialists 
termed “ecomorphs” (such as “twig” or “grass- 
bush”) (/4, /5). Each ecomorph is composed of 
morphologically and behaviorally similar species 
that occupy similar microhabitats. Prior studies 
have documented that members of the same 
ecomorph category from different islands cluster 
morphologically, providing evidence for repeated 


instances of convergent evolution (/6). However, 
these analyses omitted an important dimension of 
the anole radiations: so-called “unique” species 
that evolved a morphology and ecology not 
found on other islands (/4, 75). The number of 
unique species varies among islands, from none 
on Puerto Rico to 14 on Cuba, and they collec- 
tively constitute approximately 20% of Greater 
Antillean Anolis diversity. Thus, although repeated 
evolution of the ecomorphs has been demonstrated, 
whether the anole radiations themselves are con- 
vergent remains an open question. 

Thus, we began by asking whether the four 
Greater Antillean anole faunas exhibit exception- 
al species-for-species matching (2); i.e., greater 
pairwise phenotypic similarity between species 
on different islands than expected by chance, when 
the full ecomorphological diversity of lineages is 
considered. We compiled phylogenetic and phe- 
notypic data for 100 of 119 Greater Antillean 
Anolis species, representing the diversity of both 
the ecomorph and unique species. We tested for 
species-for-species matching among islands using 
a phylogenetic comparative analysis of species 
similarity in a four-dimensional principal com- 
ponents morphospace generated from 11 traits 
important for niche partitioning in Anolis, includ- 
ing body size, limb and tail lengths, and adhesive 
toepad lamella number (/4, /7). We measured the 
among-island Euclidean distance between each 
species and its nearest neighbor from each other 
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Fig. 1. Morphological similarity among Greater Antillean Anolis faunas is due to exceptional 
convergence. (A) Anole species are more similar to their closest matches from other islands than 
expected by chance. The vertical line indicates the average distance separating each Greater Antillean 
species from the most morphologically similar species on other islands (among-island Euclidean distance); 
the histogram depicts a null distribution of the same scores calculated from 999 data sets generated by 
evolutionary simulation. (B) The great inter-island similarity (low distance) results from an exceptionally 
large number of convergent shifts to shared peaks on a macroevolutionary adaptive landscape during 
anole diversification. Here, the vertical line depicts the number of convergent peak shifts detected for 
Greater Antillean anoles, and the histogram depicts a null distribution of convergent shifts detected from 


99 simulated data sets. 
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island in morphospace, and assessed whether the 
average among-island distance for anoles was 
lower than expected by chance via comparison to 
a phylogenetic null distribution (/8). We simu- 
lated null morphospaces using the empirical max- 
imum clade credibility (MCC) phylogeny from 
a Bayesian analysis of mitochondrial DNA and 
evolutionary models that account for temporal and 
among-trait evolutionary rate variation (17, 19). We 
repeated the analysis across a Bayesian posterior 
tree sample, obtaining qualitatively identical results 
(/8). These analyses provide strong evidence for 
exceptional species-for-species matching among 
island anole faunas: Most species on each island 
are more morphologically similar to species from 
other islands than expected by chance (P= 0.003; 
Fig. 1A). 

Next, we investigated whether a macroevolu- 
tionary model involving convergent shifts to com- 
mon peaks on a Simpsonian landscape can explain 
the evolution of remarkably similar faunas on 
these four Caribbean islands. We applied a new 
method (SURFACE) to infer the history of adapt- 
ive diversification in anoles using a phylogeny 
and phenotypic data. This method fits a model of 
adaptive radiation in which lineages may undergo 
shifts to adaptive peaks on a macroevolutionary 
landscape without reference to a priori hypotheses 
specifying which lineages correspond to particular 
peaks (/8, 20). In this model, lineages may 
undergo shifts to otherwise unoccupied peaks or 
to those shared with other lineages, which gives us 
the ability to explicitly model the macroevo- 
lutionary convergence of independent lineages in 
a common phenotype space. Starting with an 
Ornstein-Uhlenbeck model (2/, 22) in which all 
species are attracted to a single adaptive peak in 
trait space, SURFACE uses a stepwise model se- 
lection procedure based on the finite-samples 
Akaike information criterion (AIC) (23, 24) to 
fit increasingly complex multipeak models. At 
each step, a new peak shift is added to the branch 
of the phylogeny that most improves model fit 
across all traits, and shifts are added until none 
result in further improvement. To identify con- 
vergence, the method then evaluates whether the 
AIC, score is further improved by permitting 
these independent lineages to shift toward shared 
adaptive peaks rather than requiring each to oc- 
cupy a unique peak. We compared the conver- 
gent landscape model to several alternatives, 
including three variants of the “early burst” mod- 
el of adaptive radiation, which features a diversity- 
dependent decline in evolutionary rate but does 
not explicitly model adaptation or convergence 
on a macroevolutionary landscape (/7, 19). 

A Simpsonian model of peak shifts on a shared 
macroevolutionary adaptive landscape best explains 
the evolution of ecomorphological traits in Greater 
Antillean Anolis. Convergence of lineages to shared 
adaptive peaks was the dominant mode of macro- 
evolutionary trait change for these replicated island 
radiations: A landscape model with explicit con- 
vergence was strongly favored over the best non- 
convergent landscape model (AAIC, = 162.6; 
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fig. S2), and even more strongly favored over 
models without peaks (AAIC, > 279.3; fig. S2). 
Peak shifts on the adaptive landscape were com- 
mon as anoles diversified (29 lineage-specific 
shifts), with 76% of shifts involving convergence 
in morphospace (Figs. 1B and 2 and Table 1). 
The estimated landscape contained 15 adaptive 
peaks, with 8 occupied by more than one lineage. 
These convergent peaks attracted 2.8 lineages on 
average, and all but one hosted lineages from 
multiple islands. Overall, the number of conver- 
gent adaptive peak shifts was significantly greater 
than expected by chance (P = 0.01; Fig. 1B), and 
these shifts account for the exceptional similarity 
among island faunas (/8). The number and po- 
sition of peak shifts varied across 100 phylogenies, 
but the number of convergent shifts was similar 
for all trees (Table 1). Species traditionally grouped 
in the same ecomorph class (/4—/6) tended to be 
attracted toward the same adaptive peak (fig. S4). 

Our comparison of macroevolutionary models 
suggests that the adaptive landscape plays an im- 
portant role in shaping parallel diversification. The 
only model to account for the observed convergence 
of entire island anole faunas was a Simpsonian 
model (3, 5, 20-22), in which lineages experience 
selection toward common peaks on the adaptive 
landscape (fig. S1). Fitted peaks on the anole 
landscape correspond to trait combinations that 
have been shown experimentally to be adaptive 
for microhabitat partitioning (/4) (fig. S4). Al- 
though it is possible that evolutionary constraints 
may play a role in shaping whole-fauna conver- 
gence, in the case of anoles the evidence points to 
a dominant role for selection. The Anolis radiation 
unfolded over tens of millions of years (/4), a time 
scale over which constraints on the production of 
variation are unlikely to be maintained, especially 
for quantitative traits (25). Constraint seems an even 
less likely culprit considering that diverse radia- 
tions of Central and South American Anolis, which 
occur in ecologically different communities, ex- 
hibit many morphologies not seen in Caribbean 
forms (26), strongly suggesting that repeated Greater 
Antillean convergence is not due to intrinsic limits 
on morphological variation. 

Replication of adaptive radiations is readily 
attainable in simple systems over short time scales 
(2, 13), but convincing examples at a grander mac- 
roevolutionary scale have so far been lacking. 
Why this is the case is not yet clear, but our results 
argue against the possibility that the temporal 
lability of adaptive landscapes precludes faunal 
convergence over long time scales. The Greater 
Antillean anole radiation is old (with a minimum 
age of 30 to 40 million years) (4), and most eco- 
morphological diversity among anoles arose long 
ago (/7) (Fig. 2), suggesting not only that the 
adaptive landscape for anoles is similar across is- 
lands but also that it is relatively static in its prin- 
cipal features (/4, 27). Stable landscapes are further 
indicated by the similarity of adaptive peaks dis- 
covered by anole lineages from different islands, 
which would be highly unlikely if adaptive land- 
scapes were themselves highly labile (3, 27). It 
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remains to be seen whether this stability is a general 
feature of adaptive radiation, but our observations 
support the hypothesis that stable macroevolu- 
tionary landscapes underlie the common pattern 
of long-term phenotypic stasis in both fossil and 
comparative data sets (28, 29). 

Although convergence is the most conspicu- 
ous feature of Greater Antillean anole radiations, 
the island faunas are far from identical. Most no- 


tably, we found evidence for a number of non- 
convergent shifts to island-specific peaks. However, 
such peaks are occupied only on the larger islands 
of Hispaniola and Cuba, a predicted “area effect” 
from adaptive radiation theory (/). Larger areas 
provide greater opportunities for diversification 
(1, 30), which may permit lineages to more fully 
explore the macroevolutionary landscape and dis- 
cover peaks not reached on smaller islands (/). 
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Fig. 2. Phenotypic convergence on the macroevolutionary adaptive landscape in island ra- 
diations of Greater Antillean Anolis. MCC phylogeny (left panel), painted to depict the estimated 
phylogenetic history of adaptive peak shifts. Branches and island silhouettes representing geographic 
location are colored according to adaptive peak. Convergent peaks are colored and are connected by solid 
lines; with one exception, these peaks attract lineages from multiple islands. Nonconvergent peaks are 
light gray (single-island radiations), or black or dark gray (radiations that spread to multiple islands; these 
islands are connected by dashed lines). Right panels show that anole species (small circles) cluster near 
their inferred adaptive peak (large circles) in morphospace, especially for pPCs 1 to 3 (primary trait 
correlations and variance explained are reported in the axis labels). Inferred convergent peaks broadly 
correspond to Anolis ecomorph classes, a consistent finding across phylogenies, although specific peak 
assignments vary from tree to tree (28) (fig. 54). In the MCC estimate plotted here, grass-bush specialists 
are attracted to dark or light yellow peaks. Larger and smaller twig specialists occur on purple and red 
peaks, respectively. Green peaks contain trunk-crown specialists, and brown peaks contain trunk-ground 
specialists. Dark blue peaks contain large crown-giant anoles; light blue peaks contain smaller giant 
anoles. A single dark gray peak contains additional trunk-ground and trunk-crown species; although 
similar because of inherited ancestral condition rather than convergence in this reconstruction phe- 
notypically similar species on this peak occur on three different islands. 
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Table 1. SURFACE convergence parameters estimated using the MCC tree, as well as 100 trees 
from the Bayesian posterior probability distribution of Anolis phylogeny. 


Mean (SD) 
iets for 100 sampled 
phylogenies 
Adaptive peak shifts 29 25.7 (2.1) 
Convergent adaptive peak shifts 22 20.2 (1.9) 
Adaptive peaks 15 12.7 (1.4) 
Convergent adaptive peaks 8 7.2 (0.97) 
Convergence fraction (convergent peak shifts/total peak shifts) 0.76 0.79 (0.045) 
Average number of lineages converging to each shared adaptive peak 2.8 2.8 (0.30) 
Fraction of convergent peaks with lineages from multiple islands 0.88 0.94 (0.074) 


Anoles have diversified into many more species 
on the larger islands (/4, 3/). Given the number of 
convergent and unique adaptive peak shifts that 
have occurred across the Greater Antilles in 
anoles, the area effect hypothesis predicts that all 
endemic unique peaks should occur on Cuba and 
Hispaniola, as observed (/8) (fig. S3). Thus, in 
this system, even the apparently contingent evolu- 
tion of unique ecomorphologies may be, to some 
extent, predictable—in this case a result of the 
speciation-area relationship (30). 

Gould famously argued that evolution over long 
time scales is “utterly unpredictable and quite un- 
repeatable” (32, p. 14) due to historical contingency. 
Widespread convergence among entire faunas of 
Greater Antillean Anolis refutes Gould’s claim and 
shows that adaptation can overcome the influence 
of chance events on the course of evolution. Our 
demonstration of deterministic convergence on a ma- 
croevolutionary adaptive landscape complements 
studies of diversification in species numbers in 
showing that many features of large-scale radiations 
may be surprisingly predictable. A recent analysis 
discovered that both island diversification rate and 
standing species richness in Greater Antillean anoles 
could be predicted from island size and time since 
colonization (3/). In cichlids, whether colonizing 
lineages will radiate in African lakes can be predicted 
from the intrinsic traits of the colonist and the eco- 
logical opportunities provided by the new habitat 
(33). Together, these studies suggest that the pri- 
mary aspects of evolutionary radiation—adaptation 
and the proliferation of species—may in some 
cases be largely deterministic. 
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Predicting and Manipulating Cardiac 
Drug Inactivation by the Human Gut 
Bacterium Eggerthella lenta 


Henry J. Haiser,? David B. Gootenberg,’ Kelly Chatman,’ Gopal Sirasani,” 


Emily P. Balskus,” Peter J. Turnbaugh’* 


Despite numerous examples of the effects of the human gastrointestinal microbiome on drug 
efficacy and toxicity, there is often an incomplete understanding of the underlying mechanisms. 
Here, we dissect the inactivation of the cardiac drug digoxin by the gut Actinobacterium 
Eggerthella lenta. Transcriptional profiling, comparative genomics, and culture-based assays 
revealed a cytochrome-encoding operon up-regulated by digoxin, inhibited by arginine, absent 
in nonmetabolizing E. lenta strains, and predictive of digoxin inactivation by the human gut 
microbiome. Pharmacokinetic studies using gnotobiotic mice revealed that dietary protein reduces 
the in vivo microbial metabolism of digoxin, with significant changes to drug concentration in 
the serum and urine. These results emphasize the importance of viewing pharmacology from the 
perspective of both our human and microbial genomes. 


umans are home to large and diverse mi- 
crobial communities, the most abundant 
of which resides in the gastrointestinal 


tract. Recent studies have highlighted the clinical 
relevance of the biotransformations catalyzed by 


the human gut microbiome, including alterations 
to the bioavailability, activity, and toxicity of ther- 
apeutic drugs (/, 2). Although >40 drugs are 
metabolized by the gut microbiome, little is 
known about the underlying mechanisms. This 
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knowledge is critical to enable the rational design 
of pharmaceutical or dietary interventions. 

The inactivation of the cardiac drug digoxin 
provides a promising starting point for under- 
standing microbial drug metabolism. Digoxin 
and other cardiac glycosides have been widely 
used for hundreds of years to treat heart failure 
and arrhythmias. Therapeutic effects are accom- 
plished indirectly when inhibition of the Na’- and 
K’-dependent adenosine triphosphatase (Na’/K* 
ATPase) in cardiac myocytes raises the intra- 
cellular Ca”* concentration (3). Digoxin has a nar- 
row therapeutic range (0.5 to 2.0 ng/ml) (3), and 
some patients excrete the inactive digoxin metab- 
olite, dihydrodigoxin, in which the lactone ring is 
reduced (fig. S1A) (4). This modification disrupts 
ring planarity, which is thought to shift posi- 
tioning within the binding pocket of the Na’/K” 
ATPase, resulting in decreased target affinity (5). 
Coadministration of broad-spectrum antibiotics 
increases serum digoxin (4), and Eggerthella lenta 
reduces digoxin in vitro (6). Before this work, the 
molecular mechanism of digoxin reduction and 
the factors that alter microbial drug inactivation 
in vivo were unknown. 

We confirmed that E. /enta DSM2243, the 
type strain, reduces digoxin in vitro (7) and that 
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Fig. 1. Discovery of a bacterial operon 
induced by digoxin. (A) Arginine stim- 
ulates the growth of E. lenta DSM2243 
in vitro while blocking the reduction of 
digoxin. Maximum optical density (ab- 
sorbance) at 600 nm (OD¢oq) (solid line; 
values are means + SEM; n = 3) and 
digoxin percentage reduction efficiency 
(dashed line; values are means; n = 2) 
after 48 hours of growth. (B) RNA-Seq 
profiles of the cgr operon are shown with 
and without digoxin during exponential 
growth in medium containing low or high 
arginine. The height is proportional to 
the natural log of the number of unam- 
biguous sequencing reads mapped to 
each base. (C) cgr2 transcription as de- 
termined by QRT-PCR. Asterisks indicate 
statistical significance by Student's t test 
(P < 0.05). Horizontal lines are means; 
n = 2 to 3. (D) Identification of two 
strains of E. lenta incapable of reducing 
digoxin. Values are means + SEM; n = 3. 
ND, no reduction detected. 
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arginine inhibits this reaction (Fig. 1A). The 
growth of E. /enta DSM2243 was stimulated by 
arginine supplementation (Fig. 1A and fig. $2), 
indicative of using the arginine dihydrolase path- 
way for adenosine 5'-triphosphate (ATP) (8). 
Citrulline (an intermediate upstream of ATP pro- 
duction) stimulated growth, whereas ornithine 
(an end product) did not (figs. S2 and S3). 

E. lenta cultures were grown anaerobically 
in rich medium supplemented with low and 
high levels of arginine (0.25% and 1.25%, respec- 
tively) in the presence or absence of digoxin 
(10 pg/ml), and we performed RNA sequencing 
(RNA-Seq) on the resultant cellular biomass 
(figs. S4 to S6 and table S1). A two-gene operon 
was highly up-regulated after exposure to di- 
goxin during exponential growth (>100-fold) 
(Fig. 1B and tables S2 and S3). These two genes, 
referred to here as the cardiac glycoside reductase 
(cgr) operon (gene labels: cgr/ and cgr2), encode 
proteins that are homologous to bacterial cyto- 
chromes and are therefore potentially capable of 
using digoxin as an alternative electron acceptor. 
Incubation of £. /enta with multiple cardiac gly- 
cosides and their reduced forms revealed that 
the cgr operon is broadly responsive to com- 
pounds with an a,B-unsaturated butyrolactone 
ring (figs. S7 to S9 and table S5). 

Digoxin induction was increased in low- 
arginine conditions during both its exponential 
and stationary phases, relative to cultures exposed 
to high levels of arginine (fig. S10, A and B). 
cgr induction by digoxin and the growth phase— 
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(solid line) 
Digoxin 


iy 


No digoxin 
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dependent effects exerted by arginine were con- 
firmed on independent samples using quantitative 
reverse transcription polymerase chain reaction 
(QRT-PCR) (Fig. 1C, fig. S10C, and table S4). 
Unlike arginine, ornithine did not repress cgr2 ex- 
pression (fig. S11). These results are consistent 
with the hypothesis that arginine represses cgr 
operon expression and thereby inhibits digoxin 
reduction. 

Next, we tested three strains of E. lenta 
(DSM2243, FAA 1-3-56, and FAA 1-1-60) (9, /0) 
for digoxin reduction; the type strain was the 
sole strain capable of digoxin reduction in vitro 
(Fig. 1D). Comparative genomics revealed that 
the type strain was nearly indistinguishable from 
the other two strains when common marker genes 
were used (fig. $12). Reciprocal BLASTP com- 
parisons of all protein-coding sequences of the 
three fully sequenced E. /enta strains revealed 
that the type strain shared 79.4% and 90.5% of 
its proteome with strains FAA 1-3-56 and FAA 
1-1-60, respectively (fig. $12). The egr operon 
was unique to the type strain (table S6); further- 
more, the two nonreducing £. /enta strains were 
missing three genomic loci, which were also 
up-regulated by digoxin, and are predicted to en- 
code membrane transporters for the uptake of 
small molecules and glycosides (fig. $13). Argi- 
nine did not significantly decrease the expression 
level of these transporters (fig. S14). 

Strain-level variation provides an explanation 
for the difficulties in predicting dihydrodigoxin 
levels in cardiac patients by the presence or ab- 
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sence of E. lenta (6, 11). We used quantitative 
PCR (QPCR) to measure the abundance of the cgr 
operon relative to the E. /enta 16S ribosomal RNA 
(tRNA) gene (the “cgr ratio”) in microbial com- 
munity DNA from 20 unrelated healthy people, 
along with ex vivo digoxin reduction assays. The 
results stratified our cohort into low reducers 
(12.82 + 10.68% reduction; n = 6) and high 
reducers (96.25 + 7.69% reduction; n = 14) (Fig. 
2A). The cgr ratio was significantly increased for 
the high reducers (1.058 + 0.562) when com- 
pared with low reducers (0.425 + 0.582; P< 0.05, 
Student’s ¢ test) (Fig. 2B and fig. S15). Linear 
regression of reduction efficiency with the cgr 
ratio revealed a significant correlation (R° =0.22, 
P < 0.05), whereas the abundance of E. lenta 
failed to predict the extent of reduction (R? = 0.06, 
P= 0.30). The optimal cgr ratio cutoff (0.6) pre- 
dicted digoxin reduction efficiency with a sen- 
sitivity of 86%, specificity of 83%, and precision 
of 92%. 

Coculture of E. /enta with the fecal micro- 
biome enhanced the efficiency of digoxin re- 
duction. Each low-reducing fecal sample was 
incubated with the type (reducing) and FAA 1-3-56 
(nonreducing) strains of E. /enta. The commu- 
nities incubated with the type strain reduced more 
digoxin (95.39 + 2.41%) than the type strain 
alone (68.91 + 7.70%; P < 0.05, Mann-Whitney 
U test) (Fig. 2C). The cgr ratio was significantly 
elevated after coculture (Fig. 2D) and was tightly 


Fig. 2. Amicrobial biomarker 
predicts the inactivation of di- 
goxin. (A) Liquid chromatography— 
mass spectrometry (LC-MS) was 
used to quantify digoxin reduc- 
tion in the fecal microbiomes of 
20 unrelated individuals. (B) The 
cgr ratio was significantly differ- 
ent between low and high reduc- 
ers. Data represent QPCR with the 
cgr2 gene, and E. lenta—specific 
165 rDNA primers (table $4). (C) 
Five low-reducing fecal microbial 
communities were incubated for 
5 days in the presence or absence 
of E. lenta DSM2243 or FAA 
1-3-56. LC-MS was used to quan- 
tify the completion of digoxin re- 
duction. Supplementation with 
the nonreducing strain of E lenta 
did not significantly affect digoxin 
reduction efficiency. (D) The cgr 
ratio was obtained for each of 
the low-reducing microbial com- 
munities after incubation. Out- 
liers were identified using Grubbs’ 
test (P < 0.01) and removed. 
Values are means + SEM. Points 
in (A) and (B) represent biolog- 
ical replicates. Asterisks indicate 
statistical significance by Student's 
t test (*P < 0.05; ***P < 0.001; 
**P < 0.0001). 
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linked to reduction efficiency (R° = 0.74, P< 0.0001). 
An explanation for the observed microbial syn- 
ergy is that the fastidious growth of E. /enta is 
promoted by growth factors supplied by the gut 
microbiota, a phenomena that is known to affect 
the metabolism of environmental pollutants by 
soil microbial communities (/2), along with 
competition for arginine that boosts digoxin 
reduction by E. /enta. Consistent with these hy- 
potheses, the abundance of the £. lenta type 
strain was significantly increased in the pres- 
ence of a complex microbial community (1.66 + 
4.8e5 versus 1.8e5 + 8.4¢3 in isolation; P < 0.05, 
Mann-Whitney test), and arginine supplementa- 
tion suppressed the reduction of digoxin during 
coculture (fig. S16). 

Diet could also explain interindividual vari- 
ations in digoxin reduction. In vitro growth of 
E. lenta showed that, although arginine stimu- 
lated cell growth, it decreased cgr operon expres- 
sion and prevented the conversion of digoxin to 
dihydrodigoxin (Fig. 1, A and C, and fig. S10). 
These observations led us to hypothesize that 
increased consumption of dietary protein, and 
the corresponding increase in arginine, would in- 
hibit the in vivo reduction of digoxin by E. lenta. 
Germ-free adult male Swiss-Webster mice were 
colonized with the type strain before being fed 
diets differing only in the amount of total pro- 
tein (n = 5 mice/group) (tables S7 and S8 and 
fig. S17A). E. lenta colonized mice fed both diets 
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(fig. S18A) and exhibited high levels of expres- 
sion of the cgr operon (fig. S18B). Quantification 
of serum and urine digoxin (7) revealed signif- 
icant increases in mice fed the high-protein diet, 
indicative of suppressed digoxin reduction by 
E. lenta (Fig. 3, A and B). These trends were 
also consistent with fecal analysis of samples 
from each group of mice 4 to 16 hours after di- 
goxin administration (Fig. 3). We also confirmed 
that the high-protein diet significantly elevated 
the amino acids in the distal small intestine (7), 
which resulted in a fold increase of 1.71 + 0.06 
(P < 0.001, Wilcoxon test) (tables S9 and 10). 

We controlled for the indirect effects of host 
diet and colonization that might alter digoxin 
pharmacokinetics irrespective of reduction by 
E. lenta. Germ-free mice were colonized with 
either the digoxin-reducing type strain or the 
nonreducing FAA 1-3-56 strain and subsequent- 
ly fed the same two diets (fig. S17B). As seen 
before, we detected colonization with both strains, 
high-cgr operon expression, and elevated serum 
and urine digoxin on the high-protein diet for mice 
colonized with the type strain (Fig. 3, C and D, and 
fig. S18, C and D). Diet did not significantly af- 
fect the serum or urine digoxin levels of mice 
colonized with the nonreducing strain (Fig. 3, C 
and D). Serum digoxin was significantly lower 
in mice colonized with the type strain fed the 
0% protein diet, relative to those colonized with 
the nonreducing strain (4.91 + 1.56 ng/ml vs. 
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Fig. 3. Dietary protein blocks the inactivation of digoxin. Serum (A) and urinary (B) digoxin levels 
from the type strain experiment. Fecal digoxin levels showed a consistent trend: the mean area under 
the curve was 6.226 ng digoxin per hour per ml in germ-free mice, 3.576 for mice fed the 0% protein 
diet, and 6.364 for mice fed the 20% protein diet. Serum (C) and urinary (D) digoxin levels from each 
group. Digoxin levels were quantified by enzyme-linked immunosorbent assay (ELISA) (7). Values are 
means + SEM. Asterisks indicate statistical significance by Student's t test (*P < 0.05; **P < 0.01).n =4 


to 5 mice per group. NS, not significant. 


13.8 + 1.25; P< 0.01, Student’s ¢ test) (Fig. 3C). 
Together, these results suggest that the enhanced 
free amino acids available to E. lenta inhibited 
the activity of the cgr operon and increased the 
bioavailability of digoxin. 

An expanded model of digoxin pharmaco- 
kinetics is now emerging: Colonization by dis- 
tinct strains of E. /enta, microbial interactions, 
and host diet act together to influence drug levels 
(fig. S19). Follow-up studies in cardiac patients 
are necessary to determine whether rapid QPCR- 
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based biomarker assessments of the gut micro- 
biome can guide dosage regimes. It may also be 
possible to provide dietary guidelines or supple- 
ments that prevent microbial drug metabolism. 
More broadly, our results emphasize that a com- 
prehensive view of pharmacology includes the 
structure and activity of our resident microbial 
communities and a deeper understanding of their 
interactions with each other, with their host hab- 
itat, and with the nutritional milieu of the gastro- 
intestinal tract. 
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EVAPORATORS 
The third generation Acid-Resistant EZ-2 Plus Evaporator uses inert- and 
corrosion-proof materials to enable it to withstand up to 6N Hydrochloric 
acid, 70% Nitric acid, and most acid chlorides including thionyl chloride. 
These strongly acidic materials can be routinely removed from samples 
without any loss of performance or long-term deterioration in the system. 
Acid resistant components in the Acid-Resistant EZ-2 Plus include a PTFE 
coated evaporation chamber, a glass condenser, and all metallic parts that 
come into contact with removed solvent, which are manufactured from 
acid resistant Hasteloy C steel. The innovative design of the Acid-Resistant 
EZ-2 Plus presents real advantages for all scientis 


s and engineers tasked 
with removing both regular solvents and strongly acidic chemicals. Intuitive 
controls and large LCD display provide ease of use comparable to a typical 
rotary evaporator yet the Acid-Resistant EZ-2 Plus can process many more 
samples per unit time. 
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Axio Scan.Z1 is an automated microscope system that allows researchers 
to digitalize fixed tissue sections and cytologic specimens in brightfield 
and fluorescence. Thanks to the tray concept, Axio Scan.Z1 captures the 
entire specimen area of the microscope slide—including the edge. Just 
a few minutes later, the self-calibrating automized slide scanner presents 
specimens on high-quality virtual slides. Up to 100 microscope slides can 
be digitalized at a time. For fluorescence applications, filter wheels switch 
wavelengths in just 50 ms. Sensitive cameras and maximally corrected op- 
tics achieve optimal image quality. The Colibri.2 ultraviolet-free LED light 
source and a focus finder with oblique illumination, the Ring Aperture 
Contrast, ensure maximum protection for the sample. Axio Scan.Z1 is op- 
erated by ZEN imaging software from Carl Zeiss. ZEN allows users either 
to work with predefined recording parameters automatically or to select all 
settings individually. 
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Easy to use, fast live images, brilliant results—microscope users achieve all of this and more with 
the new Leica MC120 HD and MC170 HD cameras. The new high-performance cameras provide 
high-speed, precise images in real time at a rate of up to 30 frames per second. They are directly 
connectable to an HD monitor as a stand-alone solution or to a computer via USB interface. 
While the 2.5 megapixel Leica MC120 HD is ideal for almost all microscopic applications, the 
Leica MC170 HD with a resolution of 5 megapixels is especially well suited for acquiring the fin- 
est details at low magnifications. For fast documentation or hands-on training the user can record 
brilliant full HD movie clips as MP4. Images and movies are easily, cost-effectively stored with 
high quality onto a portable SD-card. The infrared remote control allows direct and convenient ee 
control of all camera parameters such as brightness, gain, and contrast of the image as well as 


white balance operations, changing to other camera modes, and image capture. 


MULTISAMPLE HOMOGENIZER 

The Multi-Prep Laboratory Homogenizing System makes multisample ho- 
mogenizing simple. This compact, benchtop unit was designed with decades 
of homogenizing experience and was created to address the challenges and 
rigorous nature of multisample homogenization. The Multi-Prep’s unique 
automated system improves lab productivity by homogenizing up to six 
samples at a time quickly and with ease, All samples are homogenized si- 
multaneously in mere seconds, ensuring accurate homogenizing speed and 
results, Precision crafted 316 Stainless Steel Multi-Prep Sample Probes de- 
liver accurate and quick homogenizing results that are superior to plastic 
disposable generators w 


till addressing the concerns of avoiding cross 
contamination. Their multipack design means a clean, durable multisample 
probe can be used each and every time. Typical run time is mere seconds. 
The short sample runtime coupled with the ability to process six samples 
per cycle can result in 300 homogenized samples per hour. 
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PLATE HEATER 

The new Plate Heater is designed specifically for cell biologists who re- 
quire accurate and precise temperature control for plates in laminar flow 
hoods. The new Plate Heater has been developed to solve issues associated 
with short-term assay incubations in a laminar flow hood environment. The 
Plate Heater has a defined temperature range suitable for cell biology use 
(ambient + 5°C to 50°C) and maintains a consistent temperature across its 
surface ensuring all cells, no matter where their location on the plate, are 
incubated at the same temperature. Furthermore, the unit also incorporates 
a lid to help maintain a stable temperature, even when being used inside 
a laminar flow hood, These features make the Plate Heater ideal for cell- 
based and biochemical applications where consistent temperature control is 
important, such as incubating cell-based assays in microplates, trypsinising 
cells in cell culture T-flasks, or even generating reproducible 3-D cell cul- 
tures with the RAFT (Real Architecture for 3D Tissue) System. 
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Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 
E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 
East Coast/West Coast/South America 
Phone: 202-326-6577 


Marci Gallun 
Midwest/Canada 
Phone: 202-326-6582 


Candice Nulsen 
Corporate 
Phone: 202-256-1528 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE/INDIA/AUSTRALIA/ 
NEW ZEALAND / REST OF WORLD 
E-mail: ads@science-int.co.uk 

Fax: +44 (0) 1223 326532 


Axel Gesatzki 
Phone: +44 (0)1223 326529 


Kelly Grace 
Phone: +44 (0) 1223 326528 


JAPAN 


Yuri Kobayashi 
Phone: +81-(0)90-9110-1719 
E-mail: ykobayas@aaas.org 


CHINA/KOREA/SINGAPORE/ 
TAIWAN / THAILAND 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


Allads submitted for publication must comply 
with applicable U.S. and non-US. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 


Science Careers 


From the journal Science 


ScienceCareers.org 


Alkok Centar Lh ene R Baylor College of Medicine 


Department of Molecular Virology and Microbiology 


The Alkek Center for Metagenomics and Microbiome Research (CMMR) and the Department of Molecular 
Virology and Microbiology at Baylor College of Medicine seek to fill (3) tenure track faculty positions at 
the ASSISTANT PROFESSOR level. We are seeking investigators with promising track records who are 
emphasizing Microbiome Research in humans and/or model systems. While specific research interests may 
vary, preferred candidates will be pursuing studies in host-microbe interactions, mucosal immunology, cell 
signaling, metabolomics and/or other ‘multi-omic’ related strategies and analyses. 


At Baylor College of Medicine (BCM), you will find a unique collaborative spirit, a dedication to excellence 
in patient care and an environment that surpasses its reputation as a research powerhouse and educational 
giant. BCM is located in the heart of the Texas Medical Center (TMC), the largest incorporated medical 
center in the world with more than 42 member institutions in 100 buildings. The CMMR is building a highly 
collaborative environment where exciting advances in our understanding of how microbes impact human 
health and disease will result from synergistic interactions between collaborating faculty, clinicians, centers 
and institutions. This position features a competitive start-up package and laboratory/office space and will 
leverage the facilities and resources located in the CMMR and at BCM/TMC, including the Baylor College 
of Medicine Human Genome Sequencing Center, one of the three NHGRI-funded Large Scale Sequencing 
Centers with production scale platforms for the latest generation sequencing technologies. 


Successful candidates will synergize with our strengths in metagenomics research to delve into the mecha- 
nisms by which microbes impact human health. They will maintain an outstanding research program that 
focuses on solving core problems in this area, and have a commitment to excellence in teaching. Required 
qualifications include a Ph.D, and a recognized reputation for innovative scholarship, a distinguished track 
record for research support and publications, leadership experience of students and trainees, and continued 
faculty development. 


Applicants should submit a cover letter, a curriculum vitae including a publication list, 

research accomplishments and future research plans, a description of teaching experience and philosophy, 
and the names and addresses of three potential referees to the address or email below by September 13, 
2013. Search Committee, Alkek Center for Metagenomics and Microbiome Research, Baylor College 
of Medicine, One Baylor Plaza BCM M8385, Houston, Texas 77030; Telephone: 713-798-5867; email: 
bem-mvm-facultypos!@bem.edu. 


Baylor College of Medicine is an Equal Opportunity, Affirmative Action and Equal Access Employer. 
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RESEARCH CORPORATION 
for SCIENCE ADVANCEMENT 


jation dedicated to science 


PRESIDENT 
TUCSON, ARIZONA 


The Research Corporation for Science 
Advancement (RCSA) invites applications for 


Neuroscience Faculty Positions 


The California Institute of Technology invites 
applications for tenure-track professorial posi- 
tions in the Division of Biology and Biologi- 


the position of President. The President reports 
to the Board of Directors and will carry out 
responsibilities of chief executive officer. RCSA 
is the oldest foundation in the United States 
devoted wholly to science and its mission is to 
support the pursuit of high-potential early-stage 
scientific research. It focuses on providing 
catalytic funding for highly innovative research 
that will have a lasting impact on science and 
society. Its historic emphasis is on the physical 
sciences and closely related fields. 


The President will join RCSA at an exciting time. 
Having recently celebrated its centennial, the 
organization is engaged in strategic planning to 
identify ways of amplifying its impact. The 
President will lead the completion of the plan 
and drive its implementation. The President will 
oversee the Foundation's science programs and 
peer review process, enhance relationships with 
external communities, and steward the 
organization’s resources. RCSA seeks an 
innovative and visionary leader with a deep 
history of scientific excellence and demonstrated 
management skills and financial acumen. 


Inquiries, nominations, and applications should be 
sent in confidence to: John Muckle, Principal, 
Isaacson, Miller at RCSA@i 


cal Engineering. We are searching for talented 
investigators in Molecular, Cellular, and 
Systems Neuroscience. Successful applicants 
are expected to develop an innovative research 
program and should have a commitment to 
teaching. Preference will be given to candi- 
dates at the Assistant Professor level. Initial 
appointments at the assistant professor level 
are for four years, and are contingent upon 
completion of the Ph.D. degree. 


Please submit an on-line application at http: 
//biology.caltech.edu/Positions and include 
a brief cover letter, curriculum vitae, relevant 
publications, and a description of proposed 
research. Instructions will be given for sub- 
mission of letters of reference when you apply 
on-line. The application deadline is October 
31, 2013. Applicants must be prepared to 
attend a recruiting symposium at Caltech 
on January 9-10, 2014. 


The California Institute of Technology is 
an Equal Opportunity/Affirmative Action 
Employer. Women, minorities, veterans, and 
disabled persons are encouraged to apply. 


UNIVERSITY OF With the recent opening of the 
Stanley M. Truhlsen Eye Institute, 
Nebraska the Department of Ophthalmology 
Medi cal Cent er and Visual Sciences at the University 
of Nebraska Medical Center in 
Omaha, NE is seeking to expand its research faculty. Candidates 
for Assistant Professor should have a strong record of scholarly 
activity with evidence of initial research funding success. Candidates 
for Associate or Full Professor should have a strong, well-funded 
eye research program with qualifications appropriate to appointment 
level. Research interests should complement strengths of existing 
faculty in retinal diseases, neuroscience, stem cells, corneal diseases, 
glaucoma, cataract, and lens. Approaches of particular interest include 
epigenetics, pharmacogenomics, imaging, expertise with zebra fish or 
mouse as model animal systems, and ocular drug delivery. 


Interested candidates should submit their curriculum vitae and state- 
ment of research interests by email to: Wallace Thoreson, Ph.D., 
Vice Chair for Research (wbthores@unmce.edu). The successful 
candidate will have a primary appointment in the Department of 
Ophthalmology and Visual Sciences and may also have secondary 
appointments with other departments. 


UNMC is an Equal Opportunity Employer. 


[i CHUGAI PHARMABODY RESEARCH PTE. LTD. 


Chugai Pharmabody Research Pte. Ltd. (“CPR”) was established 
in Singapore as a wholly-owned subsidiary of Chugai Pharma- 
ceutical Co., Ltd (Chugai) in January 2012 and started opera- 
tions on July 2, 2012. Located at Biopolis in Singapore, it aims 
to generate new antibody drugs based on Chugai’s proprietary 
antibody engineering technology. 


We are inviting talented and highly motivated individuals 
with postdoctorate qualifications to join us as postdoc 
Researchers. 


Job Requirements 


You must have completed and be awarded with a PhD Degree in 
Science or Technology (not in the process of achieving it). You 
must be able to demonstrate technical expertise in areas which 
may include molecular biology, cell biology, protein chemistry, 
protein engineering and pharmacology as evidenced by projects, 
presentations, or peer-reviewed scientific publications. You will 
have a strong advantage if you possess prior work experience 
in antibody drug discovery work, coupled with strong interper- 
sonal, team working and communication skills. 


If you are interested to join us as a postdoc Researcher, please 
visit our website (Careers Page) at http://www.chugai- 
pharmabody.com/ for more information and application 
procedure. 


We regret that only shortlisted candidates will be notified. 


POLARIS 2a .3B's 


Senior Researcher positions (2) and Post-Doc fellowships @) 
‘Sel-assembiing peptides/Nanotabrication - Glycosaminoglycans/Bioimaging/Nanocharacterization 


The 38's Research Group (UMinho), lead by Prof. Rui L. Reis, a member of the 
ICVS/3B's Lab, is one of the most productive European groups in Tissue Engineering and 
Regenerative Medicine (TERM). Its facilities are also the HQ of the European institute 
of Excellence on TERM. 38's possesses state of the art labs to perform chemical 
synthesis, materials processing, in vitro (stem) cell culture and in vivo animal testing. 
‘The group is composed by ~125 researchers (~20 Nationalities) and is responsible for 
>30ME (20M€ UMinho) of funding. 3B's is now running one of the largest European 
University based projects in the field of Nanomedicine — POLARIS (~3.15M€ of EC 
funding). It counts with the collaboration of 4 Institutions: University of Strathclyde (Prof 
Rain V. Uliny: University College Dublin (Prof. Kenneth Dawson); Max Planck Institute 
for Intelligent Systems (Prof. Joachim P. Spatz); and Chalmers University of 
Technology (Prof. Fredrik HéOk), where the selected researchers may spend some 
periods. We are now opening 2 Senior Researcher and 3 Post-Doc positions on: 


1)Self-assembling peptides for nanomedicine, Senior (#SR1-POL); 

2)Fabrication and characterization of nanobiomaterials, Senior (#SR2-POL), 
3)Surlace models to study glycan-protein/glycan-glycan interactions, PDoc (##PD1-POL); 
4)Synthesis of carbohydrates for bioimaging of cells and tissues, PDoc (#PD2-POL); 
5)Nanobiomaterials for preventing hospital acquired infections, PDoc (#PD3-POL). 


Successful candidates should possess: PnD in Chemistry, Physics, Materials 
Engineering, Biomedical Engineering, Biotechnology or similar fields (all pos.); 
experience in self-assembling systems (pos. 1), nanofabrication / nanocharacterization (pos. 
2, 5); protein-glycan interactions (pos. 3); glycan synthesis (pos. 4); a research profile 
Supported by publications in high impact journals (all pos.); and experience in the 
supervision of MSc/PhD students (pos, 1, 2). 


Candidates for SR positions will have a starting grant of 1800.51€/month (tax-free) for 6 
months and the possibility to be integrated in the staff as assistant researchers 
(contracts, gross salary: 3191.82@/month, 14 months/year) after this initial period, Post- 
Doc grants correspond to a monthly stipend of 1495€ (tax-free) for 1 year with the 
possibility of renewal until the end of the project 


Applications (indicating the ref. # of the position) including a motivation letter, copy of 
the proof of academic degree and detailed CV, should be submitted until 2” of August 
2013, by e-mail to info@3bs.uminho.pt or by ordinary mail to: 


AIC Prof. Rui L. Reis 
38's Research Group - University of Minho 
AvePark, Zona Industrial da Gandra 
4806-909 Taipas — Guimaraes, Portugal 


For more io an the 38's Research Group wal warw 3bs unicho pt or cal +3017535°0012 


The Alberta Terrestrial Imaging Centre (ATIC) at the 
University of Lethbridge undertakes a concentrated effort 
towards the advancement of scientific knowledge in 
remote sensing. The Centre places special emphasis on 
imaging spectroscopy and LIDAR, applying research and 
development to the monitoring of natural resources and 
the environment. 


University of 


Lethbridge 


aS 
Cari The ATIC, the Faculty of Arts & Science, and the 
School of Graduate Studies School of Graduate Studies at the University of 
Lethbridge invite applications for: 


2 MSc Studentships 
LIDAR based environmental modeling 
Forest ecosystem modeling 


2 PhD Studentships 
LIDAR based environmental modeling 
Vegetation health monitoring 


Dr. C. Hopkinson 
Dr. D. Peddle 


Dr. C. Hopkinson 
Dr. C. Coburn 


2 Post Doctoral Fellowships 
LIDAR based environmental modeling 
Terrestrial or atmospheric remote sensing 


Dr. C. Hopkinson 
Dr. Karl Staenz 


Applicants to the above positions/studentships should clearly specify which project they 
are applying and submit a curriculum vitae, a letter of application outlining research 
experiences and aspirations, and the names and contact information for at least three 


referees to trevor.armstrong@uleth.ca by September 10, 2013 


The University of Lethbridge offers Masters and Doctoral studentship/ 
assistantship opportunities in a range of multi-disciplinary areas in the 
Sciences. 


For more information, contact the School of Graduate Studies: 


www.uleth.ca/graduatestudies 
Phone: 403 329-5194 
Email: sgsinquires@uleth.ca 


e @sciencecareers 
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Women in Science Booklet 


Science and the L’Oréal Foundation present 


WOMEN:IN SCIENCE 


Read inspiring profiles of women 
making a difference in biology. 


OREGON 
& HEALTH&SCIENCE 


peo UNIVERSITY 


Cardiac Electrophysiology/Molecular Physiology 


Oregon Health & Science University (OHSU) Department of Physiology and 
Pharmacology and the Knight Cardiovascular Institute invite applications 
for a tenure-track faculty position from individuals with training in Bioen- 
gineering, Biophysics or Physiology who are interested in investigating the 
molecular basis of cardiac arrhythmias. The successful candidate will join 
a multidisciplinary, translational research team comprising basic science and 
clinical faculty focused on the underlying mechanisms of arrhythmia develop- 
ment and generation, with the aim of developing novel therapeutic approaches. 
Preference will be given to candidates for the position of Assistant Professor, 
but exceptional candidates for the position of Associate and Full Professor will 
also be considered. We seek an individual who will develop an independent 
research program, contribute to the teaching of medical and graduate students 
and interact with investigators studying cardiovascular and reproductive biol- 
ogy, drug metabolism, signal transduction, ion channel biology and G-protein 
coupled receptors. OHSU offers a highly interactive research environment and 
superb opportunities for career development in a spectacular Pacific Northwest 
setting. The recent founding of the Knight Cardiovascular Institute offers an 
opportunity to be a part of the development of this new, multidisciplinary 
translational research effort. 


OHSU values a diverse and culturally competent workforce. Candidates should 
model a positive attitude regarding diversity and inclusion while ensuring 
service delivery is provided in a culturally competent manner, Individuals who 
promote diversity and a culture of inclusion are encouraged to apply. OHSU 
provides reasonable accommodations for applicants with disabilities. We are 
proud to be an equal opportunity, affirmative action organization. 

A completed application should consist of the following: curriculum vitae, 
a brief summary of research accomplishments, an outline of future research 
plans, and three letters of recommendation. The successful candidate will have 
a Ph.D. in a relevant discipline and a track record of independent publications 
and funding. Applications and letters of reference may be sent electronically 
to: Beth Habecker, Ph.D., Department of Physiology & Pharmacology, 
Oregon Health & Science University, habecker@ohsu.edu. 


UNIVERSITY OF SOUTH ALABAMA 


(AA] MITCHELL 


CANCER INSTITUTE 


Abraham A. Mitchell Chair 
Urologic Oncology 


The highly qualified candidate for this position at 
the University of South Alabama Mitchell Cancer 
Institute will be a clinically active physician- 
scientist with appropriate training and experience, 
exemplary credentials in clinical urologic oncology, 
and an established, well-funded basic/translational 
research program focused on urologic cancers. The 
ideal candidate additionally will have demonstrated 
leadership potential and business acumen, as 
responsibilities of the position will include leading the 
development of an entrepreneurial, financially sound, 
translational research-focused department of urologic 
oncology that brings specialized clinical services and 
clinical trials to the patients of the Gulf coastal region 
and beyond. 


Applications are to be e-mailed to: sallen@usouthal.edu 
by August 30, 2013. 


USA is an Affirmative Action and Equal Opportunity 
Employer. 
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ScienceCareers.org/booklets 


Chair, Department of Pathology 
and Laboratory Medicine 


Rutgers New Jersey Medical School invites applicants for the position of Chair of the Department 
of Pathology and Laboratory Medicine 


We are seeking an individual with strong leadership qualities and a record of accomplishment 
as a clinician and researcher to head a department with a faculty with broad expertise in both 
basic science and the clinical sciences. The department's clinical activities include Surgical 
Pathology, Autopsy Pathology, Neuropathology, Molecular Diagnostics, Clinical Hematology 
and Hematopathology, Blood Bank, Microbiology, Chemistry, and Immunology and Serology. 

Departmental research is concentrated in the areas of immunology, cancer biology and HIV, In 
addition, the department has major teaching responsibilities in the New Jersey Medical School 
and the Graduate School of Biomedical Sciences, and an ACGME-accredited training program 
in Anatomic and Clinical Pathology. The successful candidate should be a leader in the field of 
Pathology with a national and international reputation with clinical and basic science expertise, 

and be able to integrate both into a cohesive department excelling in research, education and 
clinical service 


Interested individuals should send a curriculum vitae or letter of inquiry to: 
Soly Baredes, MD, Chair, Search Committee for Chair, 
Department of Pathology & Laboratory Medicine 
c/o Michael Petti, Executive Assistant to the Dean 
Rutgers New Jersey Medical School 
185 South Orange Avenue, MSB C-671 
Newark, Nj 07101-1709 
Email: pettime@njms.rutgers.edu 
Unless confidentiality is requested in writing, information regarding applicants and nominees 
must be released upon request. Finalists cannot be guaranteed confidentiality 


Please note that effective July 1, 2013, as a result of the New Jersey Medical and Health Sciences 
Restructuring Act, several units from the former University of Medicine and Dentistry of New 
Jersey (UMDN)) are now part of Rutgers Biomedical and Health Sciences (RBHS), For the 
purposes of payroll and benefits administration, the above position is a legacy UMDNJ position 
at Rutgers, and is eligible for benefits associated with legacy UMDN) positions. 


Rutgers, the State University of New Jersey, is an Equal Opportunity / Affirmative Action 
employer, and is compliant with the Amencans with Disabilities Act (ADA). For more 
information, please visit http://jobs.rutgers.edu/TheRUCommitment. htm. 


RUTGERS 


New Jersey Medical School 


ne @sciencecareers.org 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScilenceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers nm AAA T U = A 


AAAS is here — promoting universal science literacy. 


In 1985, AAAS founded Project 2061 with the goal of helping all Americans become literate in science, mathematics, and 
technology. With its landmark publications Science for All Americans and Benchmarks for Science Literacy, Project 2061 set out 
recommendations for what all students should know and be able to do in science, mathematics, and technology by the time they 
graduate from high school. Today, many of the state standards in the United States have drawn their content from Project 2061. 


Every day Project 2061 staff use their expertise as teachers, researchers, and scientists to evaluate textbooks and assessments, 
create conceptual strand maps for educators, produce groundbreaking research and innovative books, CD-ROMs, and profes- 
sional development workshops for educators, all in the service of achieving our goal of universal science literacy. 


As a AAAS member, your dues help support Project 2061 as it works to improve science education. If you are not yet a AAAS 
member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/project2061 MV AAA. T U _ A 
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Download 
your free copy 
today. 
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From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 
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Stop searching 
for a job; 
start your career. 
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ProMab Biotechnologies, Inc. 


Ascites Production 
$20 - $30 / Mouse 


UP TO 100,000 MICE / YEAR 
1-866-339-0871 


www.ProMab.com | info@promab.com 


Widely a 8¢/u 
Recegetend Truncated 
Original & Tag DNA 
Guaranteed Polymerase 

V1) 5100 99°C 
e-mail: order@JEMBIO.com www.JEMBIO.com 
Call: JEM BIO Home of KlenTaq-S 
Ph: 1986649303464 Fax: 6360465¢3979 
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STAY INFORMED! 
STAY CONNECTED! 


Get more from your AAAS membership 


Are you currently registered to receive e-mails from AAAS and Science? 


E-mail is the primary way that AAAS communicates with our members 
about AAAS programs, new member benefits, invitations to special 
events, and, of course, the latest news and research being published 
in Science. 


Sign up today to receive e-mails from AAAS and ensure that you are 
getting the most out of your membership and Science subscription.” 


To get started visit: promo.aaas.org/stayconnected 
You'll need your AAAS Member number. Find it above your name on 
your Science mailing label. 


Don’t miss a thing. Sign up for e-mail communications from AAAS today! 


AYAAA 


*AAAS follows CAN-SPAM and European Safe Harbor guidelines for protecting your privacy. We will never sell your e-mail address and you can opt-out of receiving e-mails at any time 
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By your side since 1962 


One company, one family of trusted brands. Here to support your research. 


As your research needs evolve, we evolve to meet them. We continuously innovate high-quality 
solutions for every lab and every application, building from technology chosen by scientists for up to 
50 years. And we're staffed to support your success, with 3,000 technical sales, service, and support 
professionals ready to assist you. 


ii 
Invitrogen’ Applied Biosystems” | Gibco Molecular Probes' Novex Ambion "fon Torrent™ 


Find the most cited life science brands at 
lifetechnologies.com/trustedbrands technologies” 
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